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surface engineering of magnesium
metal by plasma electrolytic oxidation and calcium
phosphate deposition: biocompatibility and in vitro
degradation studies

M. Bobby Kannan, *ab R. Walter,a A. Yamamoto,b H. Khakbaza and C. Blawertc

In this study, the surface of magnesium metal was electrochemically engineered for enhanced

biocompatibility and controlled degradation in body fluid. Firstly, a plasma electrolytic oxidation (PEO)

coating was formed on magnesium, followed by electrochemical deposition of calcium phosphate (CaP)

using an unconventional electrolyte. Cytocompatibility tests using L929 cells revealed that the PEO-CaP

coating significantly improved the biocompatibility of magnesium. In vitro electrochemical degradation

experiments in simulated body fluid (SBF) showed that the PEO-CaP coating improved the degradation

resistance of magnesium significantly. The corrosion current density (icorr) of the PEO-CaP coated

magnesium was �99% and �97% lower than that of bare magnesium and the PEO-only coated

magnesium, respectively. Similarly, electrochemical impedance spectroscopy (EIS) results showed that

the polarisation resistance (RP) of the PEO-CaP coated magnesium was one-order of magnitude higher

as compared to the PEO-only coated magnesium and two-orders of magnitude higher than the bare

magnesium, after 72 h immersion in SBF. Scanning electron microscopy (SEM) analysis revealed no

localized degradation in the PEO-CaP coated magnesium. The study demonstrated that the PEO-CaP

coating is a promising combination for enhancing the biocompatibility and reducing the degradation of

magnesium for potential biodegradable implant applications.
1. Introduction

In recent years, a wide range of biocompatible coatings
including calcium phosphates (CaPs),1–4 plasma electrolytic
oxidation (PEO) coatings5–7 and biodegradable polymers8–10

have been studied for magnesium and its alloys, primarily to
reduce their initial degradation rate for potential biodegradable
implant applications. These coatings could potentially delay the
localized degradation of magnesium-based materials, which is
critical, since localised degradation sites in these materials can
act as stress concentration points and facilitate crack propaga-
tion and failure in load-bearing conditions.11–14

Biocompatible CaPs have been commonly used as coatings
on metallic implant materials such as titanium-based materials
and stainless steel to improve osseointegration and osteo-
conductivity.15–17 Recently, there has been a surge in the
research on CaP coatings on magnesium-based materials,
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especially for controlling their degradation rate.3,18,19 While CaP
coatings using different methods have shown some improve-
ment in the degradation resistance of these highly degrading
materials, there are concerns regarding the poor adherence and
cracking of the coatings on magnesium-based materials, which
limit their performance.3

PEO is a high voltage anodizing technique which produces
a hard abrasion-resistant and well-adherent coating on metal
substrates.20–22 A signicant amount of work has been done on
PEO coatings on magnesium-based materials.6,23,24 Typically, in
a PEO coating the layer adjacent to the substrate is thin and
highly compact, which has been shown to greatly contribute to
the overall degradation resistance of the coating.24,25 On top of
this compact barrier layer is a thick and highly porous layer with
a pore size �1–10 mm.23,26 This porous structure forms during
the coating process due to the co-existence of molten oxide and
gas bubbles caused by high energy discharges.20 Our research
group6 investigated the in vitro degradation performance of
a pulsed-potential silicate-based PEO coating on magnesium. A
65% reduction in the corrosion current (icorr) and one-order of
magnitude increase in the polarisation resistance (RP) as
compared to the bare metal were observed. However, EIS
modelling indicated that very little of the overall RP came from
the porous layer, and was instead dominated by the compact
RSC Adv., 2018, 8, 29189–29200 | 29189
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Table 1 Chemical composition of pure magnesium

Element Zn Ca Fe Cu Al Mn Si Mg
Weight % 0.008 0.003 0.004 0.001 0.007 0.002 0.01 99.965
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inner barrier layer. The porous nature of the outer layer allows
penetration of electrolyte over time and reduces the effective-
ness of the coating under relatively long-term exposure.27 The
aggressive chloride ions in body uid could penetrate through
the pores and attack the inner compact layer, which has been
reported to be mainly magnesium oxide.28

In order to reduce the penetration of electrolyte through
pores and/or micro cracks in PEO coatings, researchers have
recently focused on dual-layer coatings.29–34 A second coating
layer to seal the PEO outer porous layer could produce
magnesium-based implants with acceptable service life. Liu
et al.29 chemically coated a CaP layer on top of a PEO coated pure
magnesium. The authors reported a lower volume of evolved
hydrogen during a degradation period of 132 h (meaning low
degradation) for the PEO-CaP coated magnesium as compared
to the PEO-only coated magnesium. Interestingly, the poten-
tiodynamic polarisation results showed only a slight decrease in
the icorr, from �5 mA cm�2 to �3 mA cm�2. Microscopy analysis
of the dual-layer coating exhibited two regions, ake-like and
porous spherical-shaped structures. This morphology may still
allow penetration of electrolyte through the coating layer and
attack of the base metal under long-term exposure.

Recently, our research group32 electrochemically deposited
CaP on silicate-based PEO coated magnesium using a pulsed
constant-current method. A 96% reduction in the icorr and
a two-order of magnitude increase in the RP of the PEO-CaP
coated magnesium as compared to bare magnesium were re-
ported. However, the RP of the PEO-CaP coated magnesium
decreased with exposure time, to a minimum of 20% of its
original value aer 72 h immersion. Gao et al.34 produced PEO-
hydroxyapatite on a magnesium substrate. The authors re-
ported a signicant improvement in the degradation resistance
of the coated magnesium when compared to both bare
magnesium and PEO-alone coated magnesium. But the RP of
this coating dropped rapidly during the immersion period,
reducing the RP approximately one-third of its original value
aer only 4 h immersion. SEM images revealed porosity and
cracking, which allow penetration of electrolyte and contact the
substrate. These dual-layer coating studies suggest that the
coverage of CaP particles on PEO coating should be improved
for effective long-term performance.

One practical approach to extend the performance life of the
coating is to improve the packing of CaP particles on the PEO
layer such that the porosity of the coating is low and thus
reduces the permeation of the electrolyte. Recently, our
research group35,36 demonstrated that the packing density of
CaP coating onmagnesium-basedmaterials can be increased by
electrochemical deposition in an unconventional electrolyte. It
was found that addition of ethanol to the conventional CaP
coating solution reduces hydrogen evolution reaction during
the coating process and consequently produces a more compact
CaP coating. This novel approach could produce a CaP coating
on PEO with sufficient long-term stability and also delay the
localized degradation of magnesium-based materials.

The aim of this study was to produce a high-performance
PEO-CaP coating on pure magnesium using electrochemical
methods. The cytocompatibility of the PEO-CaP coated
29190 | RSC Adv., 2018, 8, 29189–29200
magnesium was evaluated using murine broblast L929 by
WST-1 assay and compared with the PEO-only coated and bare
magnesium. The in vitro degradation behaviour of the bare and
coated magnesium samples was investigated using electro-
chemical techniques.
2. Material and methods
2.1. Material and coatings

In this study, pure magnesium (chemical composition given in
Table 1) was used as a base material for coating. Plasma elec-
trolytic oxidation (PEO) coating was carried out in an electrolyte
containing 2 g L�1 Ca(OH)2 and 10 g L�1 Na3PO4. Prior to the
PEO coating, the samples were incrementally ground from 120
to 1200 grit SiC paper, followed by ultrasonically cleaning in
ethanol and then dried. A pulsed DC supply was used for
a treatment time of 10 min, with a constant voltage of 450 V and
2 ms/18 ms pulse on/off time. The optimisation of the PEO
processing parameters can be found elsewhere.37 Three speci-
mens with dimensions of 15 � 15 � 4 mm or one specimen
with dimension of 25 � 25 � 4 mm were treated in one batch
and the maximum current allowed was set to 2 A. The nal
current at the end of the 10 min treatment was recorded as
0.125 � 0.015 A.

Electrochemical deposition of calcium phosphate (CaP) was
done on the PEO coatedmagnesiumusing a typical three-electrode
system, with an Ag/AgCl (in saturated KCl) reference electrode,
graphite counter electrode and sample as working electrode. The
coating solution contained 0.1 M Ca(NO3)2, 0.06MNH4H2PO4 and
30% v/v ethanol. Our previous work35 on a bare magnesium metal
showed that 30% v/v ethanol addition decreased the conductivity
of the coating electrolyte, which signicantly reduced the hydrogen
evolution/bubble bursting and thereby improved the packing
density of the CaP coating. The CaP coating was performed using
a potentiostat (Model: VersaSTAT 3 potentiostat controlled by
PowerCORR soware) under a constant potential of �3 VAg/AgCl
(based on our previous work)38 for 1 h. The PEO and PEO-CaP
coatings were characterised using X-ray diffraction (XRD; Diffrac-
tometerModel: Rint-Ultima III, Rigaku Co., Tokyo, Japan; operated
at 40 kV to 40 mA with Cu-Ka for the diffraction angle in the range
from 10� to 60�) and Fourier transform infrared (FTIR) spectros-
copy (Model: Perkin Elmer spectrum 100 FTIR spectrometer). The
coating thickness was measured using a coating thickness gauge
(Model: Dual Scope®) and the morphology of the coatings was
examined using a scanning electronmicroscope (SEM;Model: Jeol
JSM5410L).
2.2. Cytocompatibility testing

The cytocompatibility evaluation of the pure magnesium, PEO
and PEO-CaP coated magnesium samples was carried out using
L929 murine broblast, which is one of the recommended cell
This journal is © The Royal Society of Chemistry 2018
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Table 2 Chemical composition of Eagle's Minimum Essential Medium (Eagles' MEM “Nissui” 1)

Components Concentration (mg L�1) Components Concentration (mg L�1)

NaCl 6800 L-Phenylalanine 32
NaHCO3 2200 L-Cystine$HCl$H2O 31.4
KCl 400 L-Methionine 15
CaCl2 200 L-Tryptophan 10
NaH2PO4 115 Sodium succinate$6H2O 100
MgSO4 93.5 Succinic acid 75
D-Glucose 1000 i-Inositol 2
Phenol red 6 Choline bitartrate 1.8
L-Glutamine 292 D-Ca pantothenate 1
L-Arginine$HCl 126 Folic acid 1
L-Lysine$HCl 73 Pyriodoxal HCl 1
L-Leucine 52 Niacinamide 1
L-Isoleucine 52 Thiamine HCl 1
L-Threonine 48 Riboavin 0.1
L-Valine 46 Biotin 0.02
L-Histidine$HCl$H2O 42 Kanamycin 60 (titer)
L-Tyrosine 36

Table 3 Chemical composition of simulated body fluid (SBF)41

Reagent Amount (L�1)

NaCl 8.036 (g)
NaHCO3 0.352 (g)
KCl 0.225 (g)
K2HPO4$3H2O 0.230 (g)
MgCl2$6H2O 0.311 (g)
1 M HCl 40 (mL)
CaCl2 0.293 (g)
Na2SO4 0.072 (g)
TRIS buffera 6.063 (g)
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lines by ISO10993-5. Eagle's minimum essential medium
(Eagle's MEM “Nissui” 1, Nissui Pharmaceutical Co. Ltd., Japan)
supplemented with 10% (v/v) fetal bovine serum (E-MEM + FBS)
was employed as the cell culture medium. The chemical
composition of E-MEM is shown in Table 2. The sample
dimensions were as follows: 15 � 15 � 4 mm for pure magne-
sium and PEO-CaP coated magnesium, and 25 � 25� 4 mm for
PEO-only coated magnesium. Aer ultrasonic cleaning with
absolute ethanol followed by acetone, the test samples were
sterilized in ethylene oxide gas. The sterilized samples were
placed in a deep vessel where L929 cells were inoculated at
a density of 1000 cells per mL in 27.5 mL of E-MEM + FBS for
pure magnesium and PEO-CaP, and in 70 mL for PEO to
maintain the cell suspension to sample total surface area ratio
as 4 mL cm�2. As a control, both uncoated and coated samples
were sterilized in the same manner and immersed in the same
amount of E-MEM + FBS without cells. The samples were placed
in a CO2 incubator (37 �C, 5% CO2 in humidied air) for 1, 4 and
7 days without medium exchange. A 5.4 mL portion of the
supernatant from each vessel was transferred to a new smaller
vessel, and a 0.6 mL portion of the mixture of 1 mMWST-1 [2-(4-
iodophenyl)-3-(4-nitrphenyl)-5-(2,4-disulfophenyl)-2H-tetrazo-
lium, monosodium salt]39 and 0.2 mM 1-methoxy-5-
methylphenazinium methylsulfate (1-methoxy PMS) in PBS(�)
was added. The sample was aseptically transferred into a new
vessel containing the supernatant and WST-1 reagents, and
placed into a CO2 incubator for additional 4 h. Aer the addi-
tional incubation, the absorbance of the supernatant was
measured at 450 nm by a microplate reader (Multiskan FC,
Thermo Scientic, USA). The relative cell viability (RCV) on the
sample was calculated by the following equation:

RCV ¼ As/Ss � Ac/Sc (1)

where As and Ac are the absorbance of the supernatant of the
sample cultured with cells and the sample immersed in E-MEM +
FBS without cells, respectively. Ss and Sc are the top surface areas
This journal is © The Royal Society of Chemistry 2018
of the samples with and without cells, respectively. Experiments
were performed in triplicate. The samples aer cell culture were
xed with 25% glutaraldehyde solution for 10 min and stained
using 10% (v/v) Giemsa's staining solution (Giemsa's azur eosin
methylene blue solution for microscopy, MERCK Art. 1. 09204,
Germany) for 15 min to examine the morphology of cells40 by an
optical microscope (Axiotech 100, Carl Zeiss AG, Germany)
equipped with a CCD camera (DS-5M, Nikon Co. Ltd, Japan). The
samples immersed in E-MEM + FBS without cells were observed
using an SEM (Model: Mini-scope TM3000, Hitachi High Tech-
nologies Co. Ltd., Japan) and further analyzed using an XRD.
2.3. In vitro degradation testing

The electrochemical in vitro degradation experiments were
carried out in duplicate using a potentiostat (Model: ACM Gill
AC) and a typical three-electrode system, as described earlier for
the CaP coating. The electrolyte was simulated body uid (SBF)
maintained at 37 �C during the testing. The pH of the SBF was
7.40 and tris(hydroxymethyl)aminomethane (TRIS) buffer was
added to the SBF to maintain the pH during the testing. The
chemical composition of the SBF used in this study is shown in
Table 3.41 The test samples were immersed in SBF for 2 h prior
to the electrochemical experiments for establishing a relatively
a TRIS buffer ¼ tris(hydroxymethylaminomethane).

RSC Adv., 2018, 8, 29189–29200 | 29191
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Fig. 1 SEM micrographs of: (a and b) PEO and (c and d) PEO-CaP coatings on pure magnesium.
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stable open circuit potential (OCP). Electrochemical impedance
spectroscopy (EIS) was performed over the frequency range of
105 Hz to 10�2 Hz at 5 mV AC amplitude. Equivalent circuit
modelling of the EIS results was done using ZSimpWin V. 3.21
soware. Potentiodynamic polarisation experiments were
carried out at a scan rate of 0.5 mV s�1. Post-degradation
analysis was performed using FTIR, XRD and SEM.
3. Results and discussion
3.1. Coating characterisation

Fig. 1 (a–d) show the SEM micrographs of PEO and PEO-CaP
coated magnesium samples. The PEO coating microstructure
reveals a typical porous structure with different sizes of pores
which are distributed evenly across the entire surface (Fig. 1a and
b). The PEO coating thickness was measured to be �19 � 3 mm.
The electrochemical coating produced CaP particles of different
shapes and sizes, but the coating completely covered the porous
PEO layer. The total thickness of the PEO-CaP coating was 27 � 5
mm. The FTIR spectra for the PEO and PEO-CaP coatings are
shown in Fig. 2. The PEO coating exhibited only a single broad
band at 995 cm�1 corresponding to phosphate, whereas PEO-CaP
coating showed strong bands at 1130, 1056 and 984 cm�1 corre-
sponding to phosphate, and bands at 1648 cm�1 and 873 cm�1

corresponding to hydroxide and carbonate groups, respectively.42,43
Fig. 2 FTIR spectra of PEO and PEO-CaP coatings on pure
magnesium.
3.2. Cytocompatibility

Representative optical micrographs of the bare magnesium and
coated magnesium samples aer 1, 4, 7 d of cell culture are
shown in Fig. 3. Cell growth was observed on the PEO and PEO-
29192 | RSC Adv., 2018, 8, 29189–29200
CaP coatings, but almost no cells were observed on pure
magnesium aer 4 and 7 d of incubation. Interestingly,
hexagonal column-shaped crystals were formed on the pure
magnesium aer 7 d of incubation. XRD analysis conrmed
that the crystals are MgCO3$3H2O (Fig. 4). Both the PEO and
PEO-CaP coatings supported cell growth, but interestingly the
morphology of cells was different. Cells were well spread on the
PEO coating, while they were spherical and dense on the PEO-
CaP coating. The WST-1 assay results presented in Fig. 5
suggest that the relative cell viability on PEO and PEO-CaP
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05278f


Fig. 3 Optical images of L929 cells on puremagnesium, PEO and PEO-CaP coatedmagnesium samples (note: the cells were stained (blue) using
Giemsa's staining solution).
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coatings increased with increase in the incubation period,
whereas pure magnesium did not show any increase in the cell
viability throughout the incubation period. The PEO-CaP
coating exhibited a higher relative cell viability than the PEO-
only coating. It can be noted that the standard deviation in
the data for PEO-CaP coating appears to be higher with the
Fig. 4 XRD spectra of pure magnesium samples before and after imme

This journal is © The Royal Society of Chemistry 2018
increase in the incubation period. This could be due to the
difference in the packing of the CaP particles.

SEM micrographs of pure magnesium, PEO and PEO-CaP
coated magnesium samples aer 7 d of immersion in E-MEM
+ FBS are shown in Fig. 6. The hexagonal column-shaped crys-
tals completely covered the surface of pure magnesium. The
rsion in E-MEM + FBS.

RSC Adv., 2018, 8, 29189–29200 | 29193
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Fig. 5 Results of WST-1 assay for puremagnesium, PEO and PEO-CaP
coated magnesium samples.
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PEO coated samples exhibited porous structures, which
appeared similar to the samples before immersion. However,
the PEO-CaP coated magnesium samples exhibited
a morphology that was different to the samples before immer-
sion (see Fig. 1c and d). Further, a few small holes can be seen in
Fig. 6 SEMmicrographs of: (a) puremagnesium, (b) PEO coating, and (c a
EMEM + FBS.

29194 | RSC Adv., 2018, 8, 29189–29200
Fig. 6d, which suggest that some CaP particles have detached/
dissolved and thereby exposed the underneath PEO layer pores.

XRD spectra of the PEO and PEO-CaP coated magnesium
samples before and aer immersion in E-MEM + FBS are shown
in Fig. 7(a and b). The PEO coated magnesium with the increase
in the immersion period reveals decrease in the peaks corre-
sponding to MgO (2q ¼ 43.0 and 62.5�). In the case of PEO-CaP
coated magnesium, the peaks corresponding to CaHPO4$2H2O
(2q ¼ 11.7, 21.0 and 29.4�) was clearly evident before sample
immersion, but it faded with increase in the immersion
periods. However, the MgO peaks were seen even aer 7 d of
immersion.

The cytocompatibility results clearly suggest that the PEO-
CaP coated magnesium has a better biocompatibility than
pure magnesium. Continuous cell growth was observed through
the 7 d of incubation period for both the PEO and PEO-CaP
coated magnesium samples, whereas no evidence of cells was
observed on pure magnesium aer 7 d of incubation. However,
it was interesting to note that the morphology of the cells were
different between the PEO and PEO-CaP coated magnesium
samples, i.e., the cells were relatively more spread on the PEO
coated magnesium than on PEO-CaP coated Mg. Optical
microscopic observation suggested that cells could not spread
over the ridges created by the piles of platelet-like CaP. Surface
topography in nano andmicrometer scales has been reported to
signicantly inuence cellular adhesion behaviour.44 Hence,
further studies should be carried out to understand the effect of
CaP particle morphology on cellular adhesion behaviour. Cell
nd d) PEO-CaP coatings onmagnesium samples, after 7 d immersion in

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 XRD spectra of: (a) PEO and (b) PEO-CaP coated magnesium samples, before and after immersion in E-MEM + FBS.
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spreading is generally considered to be important for cell
survival.45 However, in the present study, the cell growth on
PEO-CaP coated magnesium was higher than in PEO-only
coated magnesium. As can be seen in Fig. 6d, the CaP parti-
cles tend to detach/dissolve over the incubation period. This
would increase the calcium and phosphate ion concentrations
in the culture medium and thereby facilitate the growth and
differentiation of certain types of cells (e.g. osteoblasts).46,47

These results suggest that CaP particle morphology and disso-
lution rate potentially control cellular behaviour and growth.
Fig. 8 Potentiodynamic polarisation curves for pure magnesium, PEO
and PEO-CaP coated magnesium samples in SBF.
3.3. In vitro degradation

The potentiodynamic polarisation curves of pure magnesium,
PEO and PEO-CaP coated magnesium samples are shown in
Fig. 8, and the corresponding electrochemical parameters are
shown in Table 4. The PEO coating did not show any signicant
difference in the corrosion potential (Ecorr) as compared to pure
magnesium. However, a �61% reduction in the corrosion
current (icorr) was observed for the PEO coating (11.34 mA cm�2)
as compared to the bare metal (28.79 mA cm�2). In the case of
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 29189–29200 | 29195
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Table 4 Electrochemical corrosion parameters of pure magnesium,
PEO and PEO-CaP coated magnesium samples, obtained from
potentiodynamic polarisation curves in SBF (mean � SD, n ¼ 2)

Material icorr (mA cm�2) Ecorr (VAg/AgCl) Ebd (VAg/AgCl)

Pure Mg 28.79 � 15.57 �1.83 � 0.05 �1.45
PEO 11.34 � 1.47 �1.815 � 0.021 �1.45
PEO-CaP 0.383 � 0.041 �1.5 � 0.014 N/A
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PEO-CaP coating, the corrosion potential was shied towards
the noble direction, i.e., �1.5 VAgAg/Cl. The PEO-CaP coating
reduced the icorr to 0.383 mA cm�2, a �97% reduction as
compared to the PEO-only coated magnesium and a �99%
reduction as compared to pure magnesium. It was noted that
both pure magnesium and PEO-only coated magnesium
samples exhibited breakdown potentials (Ebd) at ��1.45 V in
their anodic polarisation curves. The breakdown potential at
this potential range is generally attributed to the dissolution of
magnesium hydroxide.48 However, the PEO-CaP coated
magnesium samples did not show any distinct breakdown
potential, which suggests that the penetration of chloride ions
has been largely inhibited.
Fig. 9 Nyquist plots for pure magnesium, PEO and PEO-CaP coated ma
the spectra.

29196 | RSC Adv., 2018, 8, 29189–29200
Fig. 9 shows the Nyquist plots and the equivalent circuit
model for pure magnesium, PEO and PEO-CaP coated magne-
sium samples immersion in SBF for over 2 to 72 h. The corre-
sponding data of themodelling are presented in Table 5. For the
pure magnesium, Rs is the solution resistance, Q1 represents
double-layer capacitance, R1 represents charge transfer resis-
tance, and R2 and Q2 represent lm effects. For the PEO and
PEO-CaP coated magnesium samples, Rs is the solution resis-
tance, Q1 and R1 represent the porous outer layer, and R2 and Q2

represent the compact inner layer. The RP values obtained from
these plots are shown with respect to time in Fig. 10. The PEO
coated magnesium samples exhibited an initial RP of 3498 U

cm2 and increased to 7107U cm2 aer 24 h. This could be due to
a small growth of the compact inner layer or blocking of the
pores in the layer by the degradation products of magnesium as
a result of the SBF contact. However, the RP decreased to 5588 U
cm2 aer 72 h immersion, which can be attributed to perme-
ation of chloride ions attacking the inner compact layer. From
2 h to 24 h immersion, the plots showed only a single layer
capacitive loop. From 48 h onward, a second mid-frequency
capacitive loop becomes visible, suggesting that the coating
was only partially protective. The CaP coating on the PEO layer
gnesium samples in SBF, and the equivalent circuit used for modelling

This journal is © The Royal Society of Chemistry 2018
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Table 5 Electrochemical modelling data of pure magnesium, PEO and PEO-CaP coated magnesium samples in SBF (mean � SD, n ¼ 2)

Material Time (h) CPE1 (U
�1 cm�2 s�n � 10�6) n R1 (U cm2) CPE2 (U

�1 cm�2 s�n � 10�6) n R2 (U cm2)

Pure Mg 2 48.52 � 3.65 0.8 411.2 � 73.54 3430.5 � 516.89 0.9 64.82 � 61.76
24 63.27 � 12.16 0.8 549.1 � 355.53 4669 � 2402.75 0.9 190 � 7.21
48 95.31 � 35.33 0.6 383.57 � 421.34 1375.48 � 1925.47 0.9 912.5 � 1071.27
72 56.41 � 4.69 0.8 243.47 � 287.69 1407.95 � 1914.91 0.9 398.55 � 354.61

PEO 2 20.1 � 7.25 0.5 100.43 � 17.1 34.1 � 8.21 0.8 3397.33 � 887.98
8 34.6 � 15 0.5 221.97 � 44.5 17.1 � 7.47 0.8 6554.33 � 1795.02
24 31.5 � 27.1 0.6 341.97 � 151.75 14.3 � 14.5 0.9 6764.67 � 801.3
48 54.5 � 15.3 0.5 481.83 � 124.4 4.06 � 0.16 1 5267.67 � 1504.78
72 53.2 � 20.5 0.5 631.23 � 100.95 3.45 � 0.69 1 4957.33 � 1273.79

PEO-CaP 2 1.25 � 0.35 0.73 17 290 � 1655 4.45 � 0.49 0.74 340 850 � 110 804
8 0.5 � 0.5 0.71 4018 � 2212 6.53 � 0.45 0.64 198 800 � 34 648
24 0.71 � 0.46 0.71 2293 � 745 9.67 � 1.48 0.71 87 710 � 7919
48 0.77 � 0.32 0.72 1549 � 242 13.51 � 1.47 0.73 51 450 � 8598
72 1.52 � 0.88 0.67 1278 � 167 15.3 � 2.01 0.74 44 100 � 1061
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increased the RP by two-order of magnitude. The initial RP was
measured to be�358 kU cm2, which slowly decreased to�45 kU
cm2 aer 72 h immersion. The PEO-CaP coated magnesium
samples plots for all immersion period showed only a single
capacitive loop, which implies that there was very little coating
breakdown or penetration of the electrolyte when compared to
the PEO-only coated magnesium.

As listed in Table 6, the PEO-CaP coating produced in this
study exhibited a relatively low corrosion current (0.383 mA
cm�2), as well as a substantially high polarisation resistance
(�45 kU cm2 aer 72 h immersion in SBF) as compared to the
PEO-CaP coating reported in the literature.29,32,34,49–51 For
example, Liu et al.29 reported an icorr of �3 mA cm�2, which is an
order of magnitude higher than the current study. Similarly,
Gao et al.34 reported only an RP value of �2800 U cm2 for PEO-
CaP coating on magnesium aer 1 h immersion in SBF,
which even dropped to �1000 U cm2 aer 4 h immersion. They
used a relatively high temperature technique i.e., depositing the
hydroxyapatite layer at 75 � 3 �C. This was most likely done to
emulate previous studies that were utilized on titanium
substrate.15,52 However, magnesium dissolution at this
Fig. 10 Polarisation resistance (RP) vs. time plots for pure magnesium,
PEO and PEO-CaP coated magnesium samples in SBF (mean � SD, n
¼ 2).

This journal is © The Royal Society of Chemistry 2018
temperature may have negatively inuenced the coating
process. A previous study53 by our research group showed that
the substrate dissolution behavior is a critical factor in deter-
mining the packing of CaP particles on magnesium alloys. In
another study, we reported32 an RP value of 10 kU cm2 (72 h,
SBF) for PEO-CaP coated pure magnesium, where a conven-
tional electrolyte was used for the CaP coating. A greater
cathodic charge density during the CaP electrodeposition
results in an increased volume of hydrogen evolution, which
damages the coating as the H2 bubbles detach. In this study, the
lower temperature coupled with the ethanol addition to the
coating solution (which decreases the cathodic charge density)
resulted in a better CaP packing and consequently exhibited
a higher performance.
3.4. Post-degradation characterisation

Fig. 11 shows the SEMmicrographs of PEO and PEO-CaP coated
magnesium samples aer in vitro degradation. The PEO layer
shown in Fig. 11a and b seems relatively unattacked with only
some areas of degradation products forming across some pores,
which is consistent with this type of coatings.24 However, the
porous outer layer allows permeation of the electrolyte while
providing relatively little resistance to degradation, instead
relying on the much thinner inner layer to protect the substrate.
For the PEO-CaP coated magnesium samples, there are signs of
attack across the entire surface exposing the oret-like regions
(Fig. 11c and d). However, there are no areas of particularly
heavy localised attack, suggesting that the CaP particles were
closely packed.

Fig. 12 shows the FTIR spectra of the PEO and PEO-CaP
coatings following immersion in SBF. For the PEO coating,
the most notable change was the appearance of a carbonate
band at 1426 cm�1. Magnesium carbonate formation on
magnesium-based materials in SBF has been reported earlier.54

For the PEO-CaP coating, the hydroxide and carbonate bands at
1649 cm�1 and 873 cm�1 were evident, respectively. Additional
carbonate bands appeared at 1520 cm�1 and 1388 cm�1. The
strong phosphate bands have merged, showing only a broad
phosphate band at �1000 cm�1.
RSC Adv., 2018, 8, 29189–29200 | 29197
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Table 6 Comparison of corrosion parameters from potentiodynamic polarization curves and EIS data of uncoated and PEO-CaP coated
magnesium-based material from the current work and literature data

Electrolyte

Uncoated PEO-CaP coated

ReferencesMetal icorr (mA cm�2) Rp (U cm2) icorr (mA cm�2) Rp (U cm2)

SBF Pure Mg 28.79 642.02 (72 h) 0.383 45 378 (72 h) Current work
SBF Pure Mg — — �3 — 29
SBF Pure Mg 23.5 1180 (48 h) 0.85 10 000 (72 h) 32
SBF Pure Mg �700 �140 (1 h) �30 �2800 (1 h),

�1000 (4 h)
34

Hank's solution AZ31 Mg alloy 10.5 2238 0.452 29 400 49
SBF AZ31B Mg alloy 76 114 1.17 (pH: 5.6),

2.18 (pH: 9.4)
46 490 (pH: 5.6),
16 389 (pH: 9.4)

50

SBF AZ31 Mg alloy 611.71 109.28 16.71 4309, �1700 (170 h) 51
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Since the performance of these coatings is closely dependent
on the through-going porosity, it is useful to quantify the
amount of through-going porosity. The below equation was
used to estimate the through-going porosity of the coating:55

P ¼
�
RPm

RP

�
� 10

�jDEcorr j
ba (2)

where P is the through-going porosity of the coating, RPm and RP

are the polarization resistances of the bare and coated metal
respectively, DEcorr is the difference in corrosion potential
between the bare and coated metal, and ba is the anodic Tafel
slope of the bare metal. RPm and RP were taken from the EIS
measurements shown in Table 5 at 2 h immersion time, and the
Ecorr and ba values were determined from Fig. 8. Using this
Fig. 11 SEM micrographs of: (a and b) PEO and (c and d) PEO-CaP coat

29198 | RSC Adv., 2018, 8, 29189–29200
equation the through-going porosity of the PEO-only coating
was estimated to be 12.48%, and the PEO-CaP coating was
0.02%. The through-going porosity of PEO-CaP coating is two-
order of magnitude smaller than the PEO-only coating. This
conrms that addition of CaP effectively seals the pores of the
underlying PEO structure to provide a signicantly better in
vitro performance.

Another interesting point to be noted is that the perfor-
mance of the PEO-CaP coating in E-MEM + FBS was slightly
inferior to that in SBF. The detachment/dissolution of CaP
particles were higher in E-MEM + FBS (Fig. 6) as compared to
that in SBF (Fig. 11). However, in our recent work18 on CaP
coated Mg–Ca alloy an opposite behaviour was observed. This
suggests that the base material play an important role on the
ed magnesium samples, following 72 h immersion in SBF.

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 FTIR spectra of PEO and PEO-CaP coatings on pure magne-
sium, following 72 h immersion in SBF.
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degradation performance of the coating. We recently reported
that cathodic activity of magnesium-based materials affects the
coating performance.53 The present study conrms that the
aggressiveness of an electrolyte cannot be generalized, other
factors such the base material (purity and alloying elements)
and nature of the coating (type and morphology) also play
a critical role in the degradation process.
4. Conclusions

The biocompatibility and degradation resistance of pure
magnesium were enhanced by the combined PEO-CaP coating
produced by electrochemical methods. The porous PEO coating
on magnesium acted as a scaffold for CaP deposition. Cyto-
compatibility tests showed that PEO-CaP coating substantially
improved the biocompatibility of magnesium. In vitro degra-
dation experiments showed that the PEO-CaP coated magne-
sium exhibiting signicantly higher degradation resistance
than the pure magnesium and PEO-only coated magnesium.
While the PEO-only layer improved the polarisation resistance
of magnesium by an order of magnitude, the addition of CaP
layer added another order of magnitude improvement. This
enhanced degradation resistance to PEO-CaP coated magne-
sium can be attributed to the better packing of CaP particles
which largely minimized the electrolyte permeation.
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