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1. Introduction

The similar mechanical properties of magnesium and its
alloys to natural bone, along with their appropriate
biodegradability, make them promising candidates for
orthopedic implant applications. However, there are
concerns regarding their poor corrosion resistance.
Purification, alloying, and surface coating are among the
measures taken to control the corrosion rate of magnesium.
Among these methods, one of the simplest and most
practical ways is by modifying the surface and applying a
coating. Bioceramics and biopolymers have been widely
recognized as the most effective coatings in recent years.
However, it should be kept in mind that each material has
its own set of pros and cons. Therefore, in order to
effectively control the degradation of magnesium and
enhance its biocompatibility and bioactivity, two-layer or
composite  ceramic-polymer coatings have been
developed. These coatings aim to combine the superior
bioactivity of ceramics with the flexibility of polymers.
Few research have been conducted in this regard, for
example, Diez et al. reported that HA/PLLA dual coating
could protect the WE43 substrate from corrosion and
provide better biological performance than the substrate.
However, there are few reports on the surface modification
of Mg alloys through double-layered bioceramic
polymers, especially coating by electrochemical
deposition method. In this research, we created a bilayer
nHA-PLGA coating on pure magnesium. HA, as a
bioactive layer, is electrodeposited on Mg to protect the
surface. Afterward, PLGA is applied to prolong the
integrity of the HA coating. The aim of this study is to
decrease the rate of magnesium degradation and enhance
its biocompatibility by developing nHA-PLGA coating
using the pulsed electrodeposition technique, followed by
immersion in the polymer solution.

2. Experimental
The Mg samples were cut into cylindrical shapes. Then,

they were ground and cleaned using ultrasonic. Afterward,
the samples were immersed in a solution of nitric acid. In
the end, they were rinsed and dried. To prepare the
electrolyte, 0.025 mol/L of NH4H2PO4and 0.042 mol/L of
Ca(NOs3)2-4H,0 salts were added to distilled water as
sources of calcium (Ca) and phosphorus (P). Additionally,
0.1 mol/L NaNOs solution was used as a conductive agent.
The pH of the final solution was adjusted to five. The
current density, duty cycle, and plating time (ton) Were set
to 40 mA/cmz, 0.1, and 10 milliseconds, respectively. The
pulse electrodeposition was carried out using the
electrochemical workstation (SL10/120PRCT) at 75°C for
30 min. After the coating process, the samples were
removed, rinsed and air-dried.

To apply a polymer coating on top of the HA coatings,
PLGA was dissolved in DCM. The samples coated with
hydroxyapatite (Mg-H) were dip-coated for one min and
the double-coated samples (Mg-HPL) were prepared.
Several uncoated Mg samples were also coated with a
PLGA layer (Mg-PL) for further testing.

Phase characterization of the coating was identified using
XRD. The surface morphology and coat thickness were
analyzed using SEM.

Potentiodynamic polarization test was conducted to
compare the corrosion behavior of samples. The test was
performed in SBF. For this purpose, a conventional three-
electrode system was used. The test was conducted at a
scan rate of 1 mV/s and within a potential range of -200 to
500 mV, relative to the OCP value. The corrosion current
density, corrosion potential, and anodic and cathodic Tafel
slopes were obtained from the polarization curves.

For biocompatibility studies, the indirect contact
method was used in the MTT assay. The extraction process
was conducted by the ISO 10993-12 standard. MC3T3
cells were cultured in cell culture plates and then their
medium was completely replaced with extracts. After the
specified culture period, the medium was removed and
MTT was added to each well and incubated for 4 hours.
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Then the medium was removed from the cells and
isopropanol was added to dissolve the purple crystals. The
absorbance was obtained with an ELISA plate reader.

3. Results and discussion

The XRD patterns of pure Mg and Mg-H are shown in Fig.
1, indicating the successful formation of HA coatings on
Mg. HA coating was deposited on Mg according to the
equations (1) and (2).

2H,0 + 26— 20H + H2 1 (D)

10Ca?* +6P0O,* + 20H" — Cai0(PO4)s(OH>) (2

SEM surface micrographs, element compositions, and
elemental mapping of the HA coating are shown in Fig. 2.

The coat demonstrated complete coverage of the metal.
Fig. 2 show the porous and blade-shaped morphology of
the coating. According to Park et al., this morphology is
suitable for bone growth.

The uniform coating of PLGA on Mg and Mg-H is
shown in Fig. 3. As can be seen in Fig. 3 (a, b), the entire
surface area of the substrate is covered by PLGA without
any cracks.

Fig. 4(a) reveals that the thickness of the HA coating is
approximately 22.29 pm. Fig. 4 (b) displays the
appropriate connection between the HA and PLGA layers,
with a thickness of 31/58 pum. It has been proven that the
corrosion resistance of a coating is directly related to its
thickness and density.
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Fig. 2. SEM images of HA coating, (a) 500%, (b) 1000x, (c) EDS spectrum of HA coating, and
(d) Elemental map of P and Ca on HA coating.
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Fig. 3. SEM images of the surface of (a) Mg-PL sample (500x) (b) Mg-HPL sample (500x)

(c) elemental distribution map of Mg-HPL sample.
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Fig.4. Cross section of (a) Mg-H (b) Mg-HPL samples.
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Fig.5. Potentiodynamic polarization curves of Mg, Mg-H and
Mg-HPL samples in SBF solution.
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TABLE 1: Electrochemical parameters of samples calculated from polarization curves.

Specimen cuﬁgr:rtojé%gity (;:J?)rt?rftlig? Cathodic Slope | Anodic Slope
=1 -1
name icorr (uA/cmZ) Ecor (V) ol FRPHES)
Mg 2.3 -1.82 0.39 0.38
Mg-H 2.19 -1.71 0.41 0.39
Mg-HPL 0.37 -1.4 0.37 0.1

Potentiodynamic polarization curves of samples are

shown in Fig. 5. The values of I and Ecor have been
listed in Table 1. It can be seen that the corrosion current
density of Mg (2.3 pA/cm?) was higher compared to Mg-
H (219 pA/cm?) and Mg-HPL (0.37 pA/cm?). The
corrosion potential of Mg-HPL was found to be shifted to
a nobler value (-1.4 V) compared to Mg-H (-1.71 V) and
Mg (-1.82 V). This shift indicates a significant
improvement in the corrosion resistance of Mg-HPL.
The cell viability percentages for MC3T3 in the vicinity of
different sample extractions after 24 hours, compared to
the control sample, are shown in Fig. 6. It can be seen that
the biocompatibility of pure Mg, Mg-H, and Mg-HPL is
close to 70%, 89%, and 99%, respectively. According to
ISO 10933-5, if the percentage of cell viability is higher
than 70%, the material is considered biocompatible.
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Fig.6. Absorbance results of MC3T3 proliferation in the
vicinity of Mg, Mg-H and Mg-HPL extractions.

4. Conclusions

In this research, a double-layer coating of HA and PLGA
was applied to Mg using electrodeposition and dip coating
methods in order to enhance its corrosion resistance and
biocompatibility. The samples underwent phase and
structural analysis. Polarization test was conducted and
according to the results, applying a double-layer coating
on Mg increases the corrosion resistance of the substrate
by up to 15 times. The MTT test also showed that there
was no toxicity in the extract prepared from the samples.
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Preparation of a Bilayer Coating of nHydroxyapatite/Poly(lactic-co-glycolic)acid on Mg and
Investigation of Corrosion Properties and Biocompatibility

Mina Mohammadi Bardizadeh Neda Aboudzadeh Alireza khavandi Alireza Eivani

Abstract In this study, intending to control the corrosion of magnesium and its clinical application, a double-layer
coating of Hydroxyapatite- Poly lactic-co-glycolic acid was applied on Mg by means of electrodeposition and dip method,
respectively. X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used to characterize the phase and
morphology of the coatings. The results show a homogeneous coating with a thickness of 20-30 um. Potentiodynamic
polarization of the samples revealed that the double-layer coating exhibited a significant increase in corrosion potential,
ranging from -1.82 to -1.4 V, and a decrease in corrosion current, ranging from 2.3 to 0.37 pA/cm?. Moreover, the MTT
assay of the samples revealed that the amount of cell proliferation in the vicinity of the 48-hour extract of magnesium
samples with double-layer coating had increased, indicating a decrease in the amount of ions released from the surface
of magnesium by applying this coating.

Keywords Magnesium, Hydroxyapatite, Poly lactic-co-glycolic acid, Double-layer coating, Corrosion, Biocompatibility.
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