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ABSTRACT
Corrosion-control coatings which can enhance bone formation and be completely replaced by
bone are attractive for biodegradable Mg alloys. Carbonate apatite (CAp) and hydroxyapatite
(HAp) coatings were formed on Mg-4 wt% Y-3 wt% rare earth (WE43) alloy as a corrosion-
control and bioabsorbable coating in the coating solution with various concentrations of
NaHCO3. The incorporation of carbonate group in apatite structure was examined using
X-ray diffraction and Fourier transform infrared spectroscopy. Rat osteoclast precursor and
MC3T3-E1 osteoblast cells were cultured on the CAp- and HAp-coated WE43 to examine the
osteoclastic resorption and the alkaline phosphatase (ALP) activity, respectively. Mg ions in the
used mediumwere quantified to examine the corrosion-control ability. The NaHCO3 addition in
the solution resulted in the formation of B-type CAp in which the phosphate group of apatite
structure was substituted with the carbonate group. The osteoclastic resorption was observed
only for the CAp coatings as the cracking of the coatings and the corrosion of substrate WE43
strongly localized under osteoclast cell bodies. The CAp and HAp coatings significantly
enhanced the ALP activity of osteoblasts. The CAp-coated WE43 specimens showed 1/5 smaller
amount of Mg ion release than the uncoated WE43 on the first day of culturing osteoblasts. For
the subsequent 22 days, the Mg ion release was reduced to 1/2 by the CAp coatings. In the
presence of osteoclasts, the CAp coatings showed slightly lower corrosion protectiveness than
the HAp coating. It was demonstrated that the CAp coatings can be a bioabsorbable and
corrosion-control coating for biodegradable Mg alloys.
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1. Introduction

Magnesium/Mg alloys have been examined as
a biodegradable metallic implant material for bone
fixation devices, tissue engineering scaffolds and car-
diovascular stents, and various biomedical Mg/Mg
alloys and surface modifications have been developed
[1–6]. It was reported that a rapid corrosion of bare
Mg/Mg alloys caused an early deterioration of
mechanical integrity and a rapid hydrogen (H2) gas
evolution which may suffer the healing of the affected
body part by forming a gas cavity [7–9]. Corrosion
control of Mg/Mg alloys is thus a crucial issue to keep

enough strength to support the affected part and to
moderate the H2 gas evolution through the degrada-
tion of Mg alloys. In addition to moderate the corro-
sion, the surface of medical devices is required to show
proper biocompatibility depending on the part of
body: the bone conductivity for bone fixation devices
and the anti-thrombotic property and endothelial cell
adhesion promotion property for cardiovascular
stents. Surface modifications are an effective clue to
moderate the corrosion of the substrate alloys and to
improve the surface biocompatibility simultaneously
[10,11].
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We developed hydroxyapatite (HAp) and octacal-
cium phosphate (OCP) coatings [12–15] because HAp
coatings are practically used for Ti alloy implants to
enhance the bone formation on the surface [16]. The
HAp and OCP coatings retarded the corrosion rate of
Mg-3 wt% Al-1 wt% Zn (AZ31) alloy in the subcuta-
neous tissue of mice for 16 weeks and prevented the
formation of gas cavity [13]. In the subcutaneous
tissue, the corrosion of AZ31 substrate proceeded
under the HAp coating, while only a small portion of
HAp coating degraded after 16 weeks of implantation.
HAp is originally stable in physiological environments
and especially sintered HAp is hardly replaced with
bone through osteoclastic resorption. The degradation
of HAp artificial bone takes several years [17]. These
facts indicate that the HAp coatings remain in the
body for several years after the degradation of sub-
strate Mg alloy. Since the corrosion of substrate Mg
alloy proceeds under the HAp coating, the remaining
of HAp coating may cause the loosening of devices. In
the case of biodegradable poly-L-lactic acid (PLLA), it
was reported that the chronic inflammation was
induced by the fragmented PLLA particles and the
acidity of the degradation product [18]. It is suggested
that the degradation of the entire material is desirable
to avoid chronic inflammation.

Bone apatite contains carbonate groups substituting
phosphate and/or hydroxyl groups of apatite structure,
so that the chemical structure of bone apatite could be
expressed as Ca10-a(PO4)6-b(CO3)c(OH)2-d if trace ele-
ments with the content of less than 1 wt % are neglected
[19]. Aiming to replace the artificial bone with new
bone, carbonate apatite (CAp) (alternate name: carbo-
nate-substituted hydroxyapatite, carbonate-substituted
apatite) artificial bone was developed and showed the
degradation in bone by osteoclast cells (bone resorp-
tion) [17,19–21]. On the other hand, the chemical solu-
bility of CAp is not significantly higher than that of
HAp at pH 7.5 [21]. The low solubility and osteoclastic
resorption property of CAp should be advantageous for
CAp coatings to achieve both good corrosion-control
ability and resorption by osteoclast cells. One thing to
be concerned is that osteoclastic activity may be
decreased on Mg alloy surface because alkaline envir-
onments and Mg ions suppressed osteoclastic activities
[22] and the number of osteoclasts in peri-implant
tissue decreased around the Mg(OH)2 cylinder
implanted in rabbit femur [23]. The effect of Mg ions
on osteoclasts and osteoblasts depended on the

concentration of Mg ions and the coexisting substances
like receptor activator of NF-κB ligand (RANKL) and
vitamin D3 [24,25].

The objective of this study was to develop CAp
coatings on an Mg alloy and to examine whether the
CAp coatings can be absorbed by osteoclastic resorp-
tion and whether the CAp coatings can enhance bone
formation. CAp and HAp coatings with various car-
bonate content rates were formed on Mg-4 wt%
Y-3 wt% rare earth (WE43) alloy. The morphological
change of the coatings was observed under culturing
osteoclast cells, and the ALP activity of osteoblast cells
cultured on the coated surfaces was examined.

2. Materials and methods

2.1. CAp and HAp coating procedure

WE43 alloy discs with a diameter of 16 mm and
a thickness of 1–2 mm were prepared from extruded
rods (Magnesium Electron, UK) with the composition
shown in Table 1. The surface of discs was ground
with SiC papers up to #1200 and rinsed ultrasonically
in acetone. The ground WE43 discs were named
uncoated WE43.

Coating treatment solutions with various concentra-
tions of sodium hydrogen carbonate (NaHCO3,) were
prepared from ethylenediaminetetraacetic acid (EDTA)
calcium disodium salt hydrate (C10H12CaN2Na2O8, Ca-
EDTA, Fluka, USA), potassium dihydrogen phosphate
(KH2PO4, Wako Pure Chemical), sodium hydroxide
(NaOH, Wako Pure Chemical), and NaHCO3 (Wako
Pure Chemical, Japan). The concentration of NaHCO3

varied 0, 0.4, 1.1 and 1.9 mol/L. The composition of
solutions and specimen name treated in each solution
are summarized in Table 2. Uncoated WE43 discs were
immersed in the treatment solution at 363 K for 1 h for
coating. X-ray diffraction (XRD: Bruker, D2 Phaser)
and diffuse reflectance Fourier transform infrared spec-
troscopy (FTIR: Shimazu, IRTracer-100) measure-
ments were carried out to analyze the crystal structure
and the incorporation of carbonate group in the crystal
structure of the coatings. The substitution of phosphate
and/or hydroxide groups of apatite structure with car-
bonate group was examined by the shift of XRD peaks
originating from (002)Ap and (300)Ap planes. Surface
and cross-sectional morphology of the coatings was
observed using a scanning electron microscope (FEI,
Quanta FEG 250).

Table 1. Composition of WE43 extruded. [mass%].
Material Zn+Ag Y Cu Mn Fe Li Ni Nd Zr RE IP Mg

WE43 0.03 4.0 0.002 0.01 0.001 0.1 0.000 2.3 0.48 1.1 <0.01 Bal.

RE: rare earth, IP: impurities, Bal.: balance.
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2.2. Osteoclast cell culture on CAp- and
HAp-coated WE43 specimens

Rat osteoclast precursors (OSC11, Cosmo Bio, Tokyo,
Japan) were used to examine the resorption of CAp
coatings by osteoclast cells. Round-shaped glass discs
with a diameter of 20 mm (Matsunami glass, Osaka,
Japan) were used as a reference. Uncoated, HAp-,
CAp0.4M-, CAp1.1M-, CAp1.9M-WE43 and glass
discs were dipped in acetone for 10 s for sterilization
and dried in air. The discs were placed in 12-well plates
by putting one disc in one well with 2 mL of α-
minimum essential medium (α-MEM; Thermo Fisher
Scientific, Waltham, Massachusetts, USA) supplemen-
ted with 10% fetal bovine serum (FBS; Sigma-Aldrich,
St Louis, Missouri, USA) and kept at 310 K for 24 h in
a 5% CO2 incubator. On Day 1, the medium was
removed from each well, and osteoclast precursor cells
were seeded at 4 × 104 cells/well with 4 mL of osteoclast
culture medium (OSCMR, Cosmo Bio) containing
50 ng/mL macrophage colony stimulating factor
(M-CSF) and 15 ng/mL receptor activator of NF-κB
ligand (RANKL). The cells were cultured for 14 days
(up to Day 15) with a refreshment of differentiation
medium on Day 8.

On Days 4, 8 and 15, tartrate-resistant acid phos-
phate (TRAP) in osteoclasts was stained using TRAP
staining kit (AK04F, Cosmo Bio) and observed using
an optical microscope (VHX-5000, Keyence, Japan) to
confirm the differentiation of precursor cells to osteo-
clast cells. On Day 15, the cells were dehydrated and
fixed with methanol and then the cell bodies were
stained with Giemsa (Muto Pure Chemicals, Japan).
The surface morphology and topography of the coat-
ing layers of Giemsa-stained discs were observed using
scanning electron microscopy (SEM; FEI, Quanta FEG
250) and one-shot 3D microscope (VR-3000, Keyence,
Japan), respectively. The osteoclast culture test for
15 days was repeated for TRAP staining to check the
reproducibility. The ratio of the total surface area
occupied with TRAP-positive cells to the entire sur-
face area of the disc specimens and the apparent num-
ber of TRAP-positive cells were measured using NIH
ImageJ. The apparent mean cell size was calculated by
dividing the total surface area occupied with the
TRAP-positive cells by the apparent number of the
cells. For TRAP-stained specimens on Day 15, a cross

section containing a cell body and the underneath
coating was formed using focused ion beam (FIB)
technique, and the cross section was observed using
SEM equipped with energy-dispersive X-ray spectro-
scopy (EDS: TEAM EDS, EDAX, USA). Carbon was
deposited on the surface as a protective layer before
FIB milling.

Magnesium and Ca ions in the used medium col-
lected on Days 1, 4, 8 and 15 were quantified by
a colorimetric method using Magnesium B-test
Wako (Wako Pure Chemical, Osaka, Japan) and
Calcium E-HA test Wako (Wako Pure Chemical),
respectively.

Three samples from each specimen were used for
the cell culture for 15 days and for the quantification of
Mg and Ca ions. One sample from each specimen was
used for TRAP and Giemsa staining, respectively. One
sample from each specimen was used for the cell
culture for 4 and 8 days for TRAP staining.

2.3. Osteoblast cell culture on CAp- and
HAp-coated WE43 specimens

Mouse MC3T3-E1 pre-osteoblasts (RIKEN BioResource
Center, Tsukuba, Japan) were used to examine the bone
formation ability of CAp-coated WE43 specimens.
Plastic discs (Thermanox plastic coverslips, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) were
used as a reference. Uncoated, HAp-, CAp0.4M- and
CAp1.1M-WE43, and plastic discs were sterilized in
acetone. The discs were placed in 12-well plates by put-
ting one disc in one well. MC3T3-E1 cells were seeded at
5 × 103 cells per well with 2 mL of α-MEM+FBS supple-
mented with 100 U/mL penicillin and 100 µg/mL strep-
tomycin (Invitrogen, USA) and incubated at 310 K for
24 h in a 5% CO2 incubator. On Day 1, the discs with
cells were each transferred into a plastic tube and 20 mL
of culture medium was added to buffer the effects of Mg
corrosion on the pH and Mg ion concentration of the
medium. The cells were cultured for 22 days in total with
a refreshment of the medium on Days 8 and 15.

On Days 8, 15 and 22, the activity of intracel-
lular ALP and the concentration of protein were
measured. The discs with cells were transferred to
a new 12-well plate, and 300 µL of 1% NP-40
saline was added in each well. The well plate was

Table 2. Coating solution composition for hydroxyapatite and carbonate apatite coatings.
[mol/L].

HAp-WE43 CAp0.4M-WE43 CAp1.1M-WE43 CAp1.9M-WE43

NaHCO3 0 0.4 1.1 1.9
Ca-EDTA 0.2
KH2PO4 0.2
NaOH 0.19
pH of solution as prepared 8.4 8.3 7.8 7.7
pH of solution after treatment 7.9 8.7 8.8 8.8
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shaken at room temperature for 30 min, and then
the cell extract solution was collected.
Subsequently, the concentration of ALP and pro-
teins was measured using a LabAssay ALP (Wako
Pure Chemical) and BCA Protein Assay Kit
(Thermo Fisher Scientific), respectively, according
to the instruction of the kit. The ALP activity was
calculated by normalizing the ALP concentration
by protein concentration. Magnesium ions in the
used medium were quantified using Magnesium
B-test Wako. Three samples from each specimen
were used for the ALP and protein assay and the
quantification of Mg ions. The results of ALP
assay were compared using a repeated measure
analysis of variance (ANOVA) using Statcel4 on
Excel for Office 365. Tukey–Kramer test was car-
ried out as a post-hoc test. The results of Mg
quantification were compared using one-way
ANOVA. A significant difference between speci-
mens was indicated; therefore, Turkey–Kramer
test was carried out as a post-hoc test.

3. Results

3.1. CAp coating

Figure 1(a) shows the XRD patterns of the disc sur-
faces treated with various NaHCO3 concentrations
from 0 to 1.9 mol/L (M). In addition to the peaks
originating from WE43 substrate, the small peaks ori-
ginating from the apatite structure were observed.
Figure 1(b) and (c) show XRD peaks of (002)Ap and
(300)Ap planes of apatite (Ap) structure, respectively.
The peak position of (300)Ap plane did not change
with NaHCO3. The intensity of (002)Ap peak
decreased and the full width at half maximum
(FWHM) of (002)Ap peak slightly increased with an
increase of NaHCO3 concentration, indicating that the
deposition amount and crystal size of CAp decreased.
The (002)Ap peak position shifted to the lower angle by
the addition of NaHCO3, which corresponds to the
substitution of phosphate group with a carbonate
group [26–28]. It was demonstrated that CAp was
formed on the WE43 substrate. The (002)Ap peak

Figure 1. XRD patterns of WE43 specimens treated in solutions with NaHCO3 concentrations of 0, 0.4, 1.1 and 1.9 mol/L. (a) Wide
range and (b) narrow range for (002)Ap plane (c-plane) and (c) narrow range for (300)Ap plane (a-plane).
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position with 1.1 and 1.9 mol/L NaHCO3 was at
a lower angle than that with 0.4 mol/L NaHCO3,
while no significant difference in (002)Ap peak posi-
tion was observed between 1.1 mol/L and 1.9 mol/L
NaHCO3 concentrations. It was indicated that the
carbonate substitution ratio increased with an increase
of NaHCO3 concentration up to 1.1 mol/L and
became almost constant thereafter. Then, the speci-
mens coated with 0, 0.4, 1.1 and 1.9 mol/L NaHCO3

concentrations were named HAp-, CAp0.4M-,
CAp1.1M- and CAp1.9M-WE43, respectively.

Figure 2 shows the FTIR spectra of the CAp and
HAp coatings prepared with various NaHCO3 con-
centrations. HAp-WE43 exhibits a typical IR spectrum
of HAp [27,29]: the absorption bands at 550, 600, 870,
950, 1000 and 1150 cm−1 are derived from PO4

3-, and
those at 1650 and 3400 cm−1 are derived from
adsorbed H2O and OH−, respectively. In addition,
trace level bands at 870, 1410 and 1455 cm−1 derived
from CO3

2- are observed on HAp-WE43, while the

peak at 870 cm−1 is shared by HPO4
2- and CO3

2- [29].
This indicated that a trace amount of carbonate group
was incorporated in the apatite structure of the HAp
coating from the air. The absorption bands derived
from CO3

2- increased significantly with the addition of
NaHCO3. This result confirms the incorporation of
carbonate group in the apatite structure of the
CAp0.4M, CAp1.1M and CAp1.9M coatings.

Figure 3 shows surface and cross-sectional SEM
images of the uncoated and HAp- and CAp-coated
WE43 specimens. As reported previously, HAp coat-
ing showed a two-layer structure of the inner contin-
uous layer with a thickness of ca. 1 µm and the outer
porous layer consisting of rod-like HAp crystals [14].
The CAp0.4M-, CAp1.1M- and CAp1.9M-WE43 sur-
faces were uniformly covered with agglomerated cauli-
flower-like particles which formed a continuous layer.
The thickness of CAp0.4M coating was about 1.5 µm.
The thickness of the CAp coatings decreased with an
increase of NaHCO3 concentration.

Figure 2. FTIR absorption spectra of WE43 specimens treated in coating treatment solutions with NaHCO3 concentrations of 0, 0.4,
1.1 and 1.9 mol/L. Spectra are vertically offset for clarity.

Figure 3. (a)–(e) Surface and (f)–(i) cross-sectional SEM images of W43 specimens (a) uncoated and those treated with NaHCO3

concentrations of (b, f) 0 mol/L (HAp), (c, g) 0.4 mol/L (CAp0.4M), (d, h) 1.1 mol/L (CAp1.1M) and (e, i) 1.9 mol/L (CAp1.9M).
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3.2. Osteoclast response to CAp-coated WE43

Figure 4(a-1)–(e-4) shows optical images of various
specimens with TRAP- and Giemsa-stained rat osteo-
clast cells cultured for 4, 8 and 15 days. TRAP is
a specific bone matrix degrading enzyme expressed
in differentiated osteoclasts. HAp, CAp, and Mg alloy
are not stained by TRAP staining, and only cells that
express TRAP (differentiated osteoclasts) are stained
in red. Figure 4(a-5)–(e-5) shows the whole surface
images of HAp- and CAp-coated specimens and glass
with Giemsa-stained cells on Day 15. All cells includ-
ing both differentiated and non-differentiated cells
were stained in blue by Giemsa staining. The whole
surface and magnified surface images of the specimens
with TRAP-stained cells on Days 4–15 are shown in
supplementary Figs. S1 and S2. Figure 5 shows the
ratio of the total surface area occupied with TRAP-
positive cells to the entire surface area of the disc
specimens, the apparent number of TRAP-positive
cells and the apparent mean cell size, which were
measured using the images shown in Fig. S1. On Day
4, almost all the TRAP-positive cells were mononuc-
lear osteoclasts with a size smaller than 50 µm. Typical
mononuclear osteoclasts are indicated by arrow heads
in Figure 4(a-1)–(e-1). On Day 8, multinucleated
osteoclasts with a size larger than 100 µm were
expressed on the HAp- and CAp-coated surfaces.

Typical multinucleated osteoclasts are indicated by
arrows in Figure 4(a-2)–(e-2). Expression frequency
of large-sized multinucleated osteoclasts on the CAp-
coated surfaces appeared to be higher than that on the
HAp-coated surface. These results are supported by
the increase of the cell-occupied area ratio and the
mean cell size from Day 4 to Day 8 except for
CAp0.4 M-WE43 on which the mean cell area did
not change significantly (Figure 5(a,b)). On the glass
surface, mononuclear osteoclasts were observed; how-
ever, multinucleated osteoclasts were scarcely
observed on Days 8 and 15. It was indicated that the
HAp and CAp coatings enhanced the differentiation
of osteoclast precursors to matured multinucleated
osteoclasts.

The number of TRAP-positive cells increased with an
increase of culture period until Day 8 and decreased
thereafter as shown in Figures 4 and 5(b), while disco-
lored regions (light color regions) appeared on the CAp-
coated specimens as shown in Figure 4 and in the whole
surface images in Fig. S1. Especially on the CAp1.1M-
and CAp1.9M-coated specimens, TRAP-positive cells
were obvious on Day 8 as shown in Figure 4(c-2) and
(d-2), while TRAP-positive cells were scarcely observed
on Day 15 as shown in Figure 4(b-3)-(d-3), S1 and S2.
The total area of the discolored regions apparently
increased with an increase of carbonate content rate as
shown in Figure 4(b-3)–(d-3), S1 and S2.

Figure 4. Optical surface images of (a-1)–(a-5) HAp-WE43, (b-1)–(b-5) CAp0.4M-WE43, (c-1)–(c-5) CAp1.1M-WE43, (d-1)–(d-5)
CAp1.9M-WE43 and (e-1)–(e-5) Glass with (a-1)–(e-3) TRAP-stained osteoclasts and (a-4)–(e-5) Giemsa-stained osteoclasts. Images
on (a-1)–(e-1) Day 4, (a-2)–-(e-2) Day 8, (a-3)–(e-3) Day 15 with TRAP-stained cells. (a-4)–(e-4) images on Day 15 with Giemsa-
stained cells. (a-5)–(e-5) whole surface images on Day15 with Giemsa-stained cells. Arrowheads and arrows indicate typical
mononuclear and multinuclear osteoclasts, respectively.
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Figure 6 shows optical and topographic images of
the TRAP-stained surface and SEM images of the
Giemsa-stained surfaces of the HAp- and
CAp1.1M-WE43 specimens. The optical and topo-
graphic images were taken with the same field of
view. On the optical image of the CAp1.1M-WE43,
many discolored regions were observed as indicated
by arrows, while such a discolored region was sel-
dom observed on the HAp-WE43. The shape and
size of the discolored regions on the optical image
corresponded to those of the light-blue recessed
regions on the topographic image, and the SEM
observation revealed that the CAp coating showed
local cracking as indicated by white arrows (Figure 5
(b,d,f)). The CAp0.4M- and CAp1.9M-WE43 sur-
faces showed similar morphology. It was suggested
that the discolored regions corresponded to the cell-
detached regions. The HAp coating showed no
obvious cracking under SEM observation. It was
revealed that multinucleated osteoclasts formed the
cracks in the CAp coatings and the surface reces-
sions, although they did not degrade the HAp
coating.

Cross-sectional SEM images of the coating and
substrate underneath a multinucleated osteoclast cell
body are shown in Figure 6 for the HAp- and
CAp1.1M-WE43 specimens. The cross section was
observed with an inclination angle of 45º. Since the
images were observed with back-scattered electron,
cell bodies, CAp and HAp coatings and substrate
WE43 were observed in dark (black), bright (white)
and mediate (light grey) contrast, respectively. In the
case of HAp-WE43, neither degradation nor corrosion
was observed in the HAp coating layer and WE43
substrate, respectively, under a multinucleated osteo-
clast cell body as well as outside of the cell body.
Interestingly for the CAp1.1M coating, cracks and
corrosion pits were formed in the CAp coating and
substrate WE43, respectively, under a cell body, while
such degradation was not observed outside of the cell
body. The cracking of the CAp coating and the corro-
sion pits under cell bodies were also observed for the
CAp0.4M- and CAp1.1M-WE43 specimens. It was
confirmed that the multinucleated osteoclasts caused
the degradation of the CAp coatings and substrate
WE43 but did not degrade the HAp coating.

Figure 5. (a) Ratio of the total surface area occupied with TRAP-positive cells to the entire surface area of disc specimens, (b)
apparent number of TRAP-positive cells and (c) apparent mean cell size. n = 1 on Days 4 and 8 and n = 2 on Day 15. The bar graphs
on Day 15 show the mean values of two samples indicated by plots. The areas of the entire disc surface of WE43 and glass discs
were 201 mm2 and 314 mm2, respectively.
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Figure 8(a) shows an accumulated amount of Mg
ions released from various specimens. No significant
difference was observed in Mg ion release between
HAp- and CAp-WE43 specimens, while the CAp-
WE43 specimens showed a slightly larger Mg ion
release than the HAp-WE43.

Figure 8(b) shows an accumulated amount of Ca ions
released from or deposited on specimens. Although Ca
ion release was expected for the CAp-WE43 specimens
due to the degradation of the CAp coatings by osteo-
clasts, Ca ion deposition from medium suppressed Ca
ion release from the CAp0.4M and CAp1.1M coatings.
In the case of CAp1.9M-WE43, Ca ion release and
deposition were balanced. The HAp-WE43 showed
clear Ca ion deposition. The glass showed a clear Ca
ion release.

The corrosion of substrate WE43 should have
induced pH increase which caused Ca ion deposition.
Then, the relationship between Mg and Ca ion concen-
trations of medium taken on Days 8 and 15 was exam-
ined as shown in Figure 8(c). A very weak correlation
with a correlation coefficient (r) of ca. 0.6 was obtained
between Ca and Mg ion concentrations. A decrease of
Ca ions with an increase of Mg ions indicated that the

Ca ions deposited partly as a result of substrate WE43
corrosion. Therefore, the resorption of the CAp coat-
ings by osteoclasts could not be examined by the change
of Ca ion concentration in the case that the CAp coat-
ings are formed on Mg/Mg alloy substrate.

3.3. Osteoblast response to CAp-coated WE43

Figure 9 shows ALP activity and Mg ion concentration
of medium as a function of the culture period. The
surface optical and SEM images of the specimens with
Giemsa-stained MC3T3-E1 osteoblasts cultured for
8–22 days are shown in Figs. S4-S6. ALP activity of
MC3T3-E1 osteoblasts cultured on the CAp- and
HAp-coated surfaces was expressed after Day 8 and
increased with an increase of culture period, while that
on the uncoated WE43 expressed slightly only after
Day 15. The difference in ALP activity between
uncoated and coated specimens was statistically sig-
nificant after Day 15. No statistically significant differ-
ence was observed in ALP activity between HAp- and
CAp-coated specimens. This indicated that the CAp
and HAp coatings enhanced the osteoblast differentia-
tion of MC3T3-E1 cells.

Figure 6. (a, b) Optical images and (c, d) corresponding topographic images and (e, f) SEM surface images of (a, c, e) HAp-WE43
and (b, d, f) CAp1.1M-WE43 with TRAP-stained osteoclasts on Day 15. (a, b) optical images and (c, d) topographic images show the
same field of view on HAp-WE43 and CAp1.1M-WE43, respectively. SEM images show different fields of view from optical images.
Arrows in (a) and (b) indicate typical discolored regions and arrows in (c) and (d) indicate the corresponding dent regions,
respectively. White arrows in (e) and (f) indicate typical local cracking.
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Magnesium ion concentration of medium
decreased with the CAp and HAp coatings especially
on Day 1. The CAp-coated specimens showed com-
parable Mg ion concentration to the HAp-WE43 for
22 days regardless of the carbonate content rate.

4. Discussion

4.1. Formation of CAp coatings

The formation of uniform CAp coatings on WE43
alloy was succeeded by the addition of NaHCO3 in
the previously developed HAp coating solution [12] as
demonstrated by the position shift of (002)Ap peak to
the lower angle and the significant increase of FTIR
bands derived from CO3

2-. The position shift of
(300)Ap peak to the higher angle and (002)Ap peak to
the lower angle corresponds to the substitution of
carbonate at hydroxyl site (A-site) and phosphate site
(B-site), respectively [26–28]. The formed CAp was
thus B-type and bone apatite is mainly B-type [19].
The formation of B-type CAp coatings was reported
for titanium by adding urea as a carbon dioxide source
in the hydrothermal condition [30]. The addition of
carbonate ions in the solution for HAp synthesis is
efficient to make apatite structure incorporate carbo-
nate group.

The carbonate substitution ratio of CAp is generally
evaluated from the relative IR absorption intensity
ratio of CO3

2- band between HAp and CAp; however,
the substance concentration and the IR absorption
intensity often do not show a linear relationship in
the diffuse reflectance method [31] used in this study.
In this study, the carbonate content rate, instead of
carbonate substitution ratio, was estimated from the
shift of (002)Ap peak using an equation (1) [32].

lc ¼ 0:0021456� xCo3 þ α (1)

where lc is the length of c-axis (Å) and xco3 is
carbonate content rate (wt%). Assuming that the
carbonate content rate of the HAp coating of
HAp-WE43 was 0 wt%, the carbonate content
rate of the CAp coatings of CAp0.4M-,
CAp1.1M- and CAp1.9M-WE43 was ca. 17, 29
and 23 wt%, respectively. The carbon content
rate of the CAp coatings was saturated over
1.1 mol/L of NaHCO3 concentration. It was
revealed that the carbon content (carbonate sub-
stitution ratio) can be controlled by the NaHCO3

concentration of the coating solution. Also, the
CAp coatings formed in this study were expected
to be absorbed by osteoclast cells and enhance
bone formation because bone apatite contains car-
bonate group with a comparable content rate of
10–20 wt% [32].

The coating morphology changed by the carbonate
substitution in the apatite structure. Rod-like particles
formed in the HAp coating disappeared and the cauli-
flower-like morphology which was similar to the inner
layer of the HAp coating was formed for the CAp
coatings. The rod-like particles of the HAp coating
were highly crystallized HAp crystal which preferen-
tially grew along the c-axis of apatite structure [14].
This type of morphological change and the decrease in
crystallinity with carbonate substitution were
observed for HAp and CAp coatings formed by hydro-
thermal method [30]. The broadening and intensity
decrease of (002)Ap peaks with carbonate substitution
was observed as well as the disappearance of rod-like
particles in this study. These results indicated that the
crystallinity of apatite decrease with an increase of
carbonate substitution.

4.2. Osteoclastic resorption of CAp coatings and
its effect on CAp-coated WE43

The surface and cross-sectional observations in
Figures 6 and 7 revealed that the CAp coatings and
the substrate WE43 showed cracking and corrosion
pits, respectively, which was localized under the multi-
nucleated osteoclast cell bodies. Such localized crack-
ing and corrosion pits were not observed in the HAp
coating and its substrate, respectively. In the bone
resorption mechanism, the differentiated osteoclasts
acidify a microenvironment under the cell body up
to pH 4.5 by means of a proton pump, and subse-
quently, Cl− ions are secreted to the microenviron-
ment to maintain the intracellular pH [33]. The
degradation of the CAp coatings in the acidified
microenvironment formed by osteoclasts should
have allowed the access of acidified fluid to substrate
WE43, leading to the corrosion localized under the cell
bodies. Since HAp shows much lower solubility than
CAp at pH 3–5 [21], the dissolution of the HAp coat-
ing did not occur under the cell bodies. It is thus
demonstrated that the CAp coatings formed on
WE43 can be degraded by microenvironmental acid-
ification in the osteoclastic resorption mechanism.

Meanwhile, Kim et al. reported that osteoclastic activ-
ities were suppressed in alkaline environments contain-
ing Mg ions which were created by the corrosion of Mg/
Mg alloys [22]. Janning et al. reported that the number of
osteoclasts decreased during the first 4 weeks in the tissue
around Mg(OH)2 cylinders implanted in rabbit femur
condyle [23]. Maradze et al. indicated that the effect of
Mg corrosion products on osteoclasts depended on the
concentration and the high concentration negatively
affected osteoclast precursor cell number and mature
osteoclast cell function [24]. The HAp and CAp coatings
moderated the corrosion speed of substrate Mg alloys
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from the beginning as shown in Figure 9. These facts
suggest the possibility that the CAp coatings can moder-
ate the corrosion of WE43 enough to not disturb osteo-
clasts from resorbing CAp.

On Day 15, many osteoclasts detached from CAp-
coated surfaces. The acid (HCl) secreted by osteoclasts
enhances the corrosion under the cell body. In the
corrosion reaction of Mg alloys as described by

Figure 7. (a, b) Low magnification and (c, d) high magnification cross-sectional SEM images of the region containing
a multinucleated osteoclast cell body and substrate of (a, c) HAp-, (b, d) CAp1.1M-WE43 specimens on Day 15.

Figure 8. Accumulated amount of (a) Mg ions and (b) Ca ions released from or deposited on various specimens under culturing
osteoclasts. (c) Relationship between Mg and Ca ion concentration of medium in which osteoclasts were cultured on various
specimens. The osteoclast precursors were seeded on the specimen surfaces after the pre-immersion in the medium for 1 day.
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Equations (2) and (3), H2 gas generates and pH of the
surrounding environment increases.

Mg ! Mg2þ þ 2e� (2)

2H2Oþ 2e� ! H2 þ 2OH� (3)

The increase in surrounding pH causes the denatura-
tion of proteins including cell adhesion proteins and
the cell death. Additionally, H2 gas generation can lift
the cell body. The local cell death due to the local
corrosion of Mg alloy substrate was reported for
HAp- and OCP-coated AZ31 on which MG63 osteo-
blasts were cultured [34]. These environment changes
led to the detachment of osteoclasts thereafter. The cell
detached regions (discolored regions) on the CAp-
coated surfaces increased with an increase of carbo-
nate content rate on Day 15 (Figure 4, S1 and S2). The
thickness of CAp coatings decreased with an increase
of carbonate content rate (Figure 3), indicating the
decrease in the corrosion protectiveness. As a result,
the cell detachment was enhanced with an increase of
the carbonate content rate. Since the osteoclast beha-
vior depended on the concentration of Mg ions, pH
and coexisting substances which varied depending on
the corrosion speed of and the distance from the
implanted Mg materials [23–25], further examination
is necessary to understand the entire degradation of
the CAp-coated Mg alloy accompanying osteoclastic
resorption.

Differentiation of precursor cells to multinucleated
osteoclasts was enhanced by the CAp and HAp coatings
comparing to that on the glass as revealed by the larger
number of multinucleated cells on the CAp and Hap
coatings than that on the glass shown in Figures 4, 5, S1
and S2. Differentiation of precursors to multinucleated
osteoclasts was enhanced on CAp block than that on
sintered HAp block [35]. The CAp coatings in this
study are presumably able to enhance the differentiation
of precursors to multinucleated osteoclasts according to

the slightly higher expression frequency of large-sized
multinucleated cells on the CAp-coated surfaces than
that on the HAp-coated surface (Figure 4, S1 and S2).

4.3. Effect of CAp coating on bone formation
ability of osteoblasts

The CAp coatings enhanced the ALP expression level
from osteoblast cells comparable to the HAp coating
as shown in Figure 9(a). An increase of ALP expres-
sion of osteoblast cells is generally accompanied by an
increase of the expression of osteoblastic differentia-
tion markers such as type I collagen, osteopontin and
osteocalcin on CAp, sintered HAp, Ti and zirconia
surfaces [21,36,37]. With an increase of culture period,
calcium phosphate particles with a diameter of several
micrometers increased on the CAp- and HAp-coated
surfaces (Fig. S6). The enhancement of bone forma-
tion on the CAp-coated Mg alloy is thus expected. On
the other hand, human bone marrow cells cultured on
low crystalline CAp blocks fabricated by a dissolution-
precipitation method showed higher expression of the
osteoblastic differentiation markers than those cul-
tured on sintered HAp blocks [35]. Two reasons are
considered for comparable ALP activity between
HAp- and CAp-WE43 specimens in this study: coat-
ing morphology and effect of Mg ions.
Micromorphology of HAp and OCP coatings influ-
enced the adhesion and proliferation of MG63 cells:
the sparse structure of the coating caused the sparse
formation of focal contacts which retarded the cell
proliferation [34]. The formation of focal contacts
was limited on the tips of rod-like crystals in the case
of HAp coating [34]. Since the surface of the CAp
coatings was smoother than that of the HAp coating
as shown in Figure 3, MC3T3-E1 osteoblasts could
adhere to the CAp coatings with denser focal contacts
than those to the HAp coating. It was reported that Mg
ions promoted ALP expression of MC3T3-E1 cells and

Figure 9. (a) ALP activity on various specimens and (b) Mg ion concentration of medium in which osteoblasts were cultured on
various specimens. Osteoblasts were seeded on the specimen surfaces on Day 0. n.s.: not significant, *: p < 0.05, **: p < 0.01.
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enhance bone bonding of Ti surface in vivo [38]. The
Mg ion concentration of medium with the HAp- and
CAp-WE43 specimens was equivalent as shown in
Figure 9(b). It is readily suggested that the effect of
Mg ions on the ALP activity was comparable between
HAp- and CAp-WE43 specimens.

4.4. Effect of CAp coating on corrosion of
substrate WE43

Under culturing osteoclasts and osteoblasts, the
amount of Mg ions released from the CAp-W43 speci-
mens was equivalent to that of the HAp-WE43 for 15
or 22 days as shown in Figures 8(a) and 9(b), respec-
tively. This fact demonstrates that the initial corrosion
protectiveness of the CAp coatings is equivalent to
that of the HAp coating although the CAp coatings
were thinner than the HAp coating. The HAp- and
CAp-WE43 specimens after 15 or 22 days of cell
culture tests did not show obvious corrosion. The
HAp coating moderated the corrosion of AZ31 alloy
and prevented the formation of gas cavity in the sub-
cutaneous tissue of mice for 16 weeks [13]. It is thus
expected that the CAp coatings can moderate the
in vivo corrosion of WE43 without the formation of
a gas cavity at least for 2–3 weeks. However, 2–3 weeks
are shorter than the bone healing period of 3–6 weeks
for upper limb and finger bones. Further investigation
is necessary to understand the degradation behavior of
the CAp-coated Mg alloys: the effect of carbonate
substitution ratio on osteoclastic resorption behavior
and the long-term degradation behavior in the pre-
sence of osteoclastic cells.

5. Conclusions

The B-type CAp coatings with various carbonate con-
tent rates were formed on WE43 alloy using the pre-
viously developed HAp coating solution with the
addition of 0.4, 1.1 and 1.9 mol/L NaHCO3. The
carbonate content rate increased with an increase of
NaHCO3 concentration up to 1.1 mol/L and then it
was saturated. The CAp and HAp coatings enhanced
the differentiation of osteoclast precursors to multi-
nucleated osteoclasts in comparison with a glass sur-
face. Only CAp coatings showed the degradation by
multinucleated osteoclasts, and the cracking of CAp
coatings and the corrosion pits of substrate WE43
were strongly localized under the cell bodies. The
ALP activity of osteoblasts was enhanced with the
CAp coatings comparable to that with the HAp coat-
ing. The corrosion protectiveness of the CAp coatings
was equivalent to that of the HAp coating. The Mg ion
release from the CAp-coated specimens was 1/5 of that
from the uncoated WE43 on the first day of culturing
osteoblasts. For the subsequent 22 days with osteo-
blasts, the Mg ion release from the CAp-coated

specimens was 1/2 of that from the uncoated WE43.
The developed CAp coating is highly potential as
a bioabsorbable and corrosion-control coating.
A further investigation like a long-term degradation
test of the CAp-coated Mg alloys is necessary.
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