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Abstract 

Magnesium and its alloys have been recently used in biomedical applications such as orthopedic 

implants, whereas the weak corrosion resistance undermines their clinical efficacy. Herein, to 

address this critical challenge, the preparation of hierarchically structured hydroxyapatite-based 

coatings was proposed. Compact coatings were fabricated on a Mg alloy through a facile 

two-step method of chemical deposition of brushite precursor and subsequent hydrothermal 

conversion. A series of HA-based coatings were obtained with kinetic conversion process with 

formation mechanism revealed. The hydroxyapatite coating demonstrated the greatest corrosion 

resistance for Mg in electrochemical and long-term immersion tests, especially against pitting 

corrosion, attributable to its compact structure, alkaline degradation environment and 

self-induced growth capacity. The in vitro cytocompatibility and osteoinductivity were dictated. 

Additionally, anti-corrosion mechanisms were compared among different coating compositions 

and structures, along with their correlation with cellular response. Our study brings hints for a 

tailored surface design for resorbable biomedical device applications. 
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1. Introduction 

Recently, Magnesium (Mg) and its alloys are considered as a promising candidate for 

next-generation bioresorbable implants for extensive biomedical applications, in particular, in the 

cardiovascular, orthopedic and dental implants fields [1]. For orthopedic implants, Mg has 

distinct advantages of biosafety, biodegradability, and matching mechanical properties; for 

instance, Young’s modulus, which is lower compared to conventional biometals but similar as 

natural bones to obviate the risk of “stress shielding” [2]. During the degradation of Mg, release 

of magnesium ions (Mg
2+

) and hydrogen gas (H2) modify the physiological environment. 

Corrosion product as magnesium hydroxide (Mg(OH)2) is dissolved by the action of chloride 

ions present in the body fluid to induce local alkalization, while the accumulation of H2 produces 

subcutaneous gas pockets and necrosis of the surrounding tissue [3]. The dramatic changes at the 

interface, nevertheless, would inevitably affect the tissue healing and remodeling process, and 

ultimately the recovery of the patients. On the other side, the excessive corrosion nature of Mg 

may also lead to a rapid reduction of the mechanical integrity of the implant, causing a premature 

fracture. Hence, it has posed a pivotal challenge to simultaneously improve the corrosion 

resistance and biocompatibility of Mg for clinical applications. Alternative solutions 

predominantly fall into the categories of alloying and processing of Mg alloys, and surface 

modification of Mg-based substrates. Nonetheless, the incorporation of alloying elements in a 

Mg matrix modifies its mechanical properties, corrosion resistance, and biosafety in parallel [4]. 
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On the other hand, surface modification presents as a more versatile approach to not only control 

the degradation rate but also to direct desirable biological response of implants. In this way, 

interactions between implants and tissues can be tailored by the properties of the developed 

coating. 

Inspired on the composition of the bone, calcium phosphate (CaP) coatings such as brushite 

(DCPD), β-tricalcium phosphate (β-TCP), octacalcium phosphate (OCP), amorphous calcium 

phosphate (ACP) and hydroxyapatite (HA) have been used on Mg alloy implants, to facilitate 

osteointegration and inducing bioactivity . Specifically, HA is a major component of natural 

bones [5]. Synthetic HA is considered stable in the physiological environment with a lower 

degradation rate in comparison with the other CaP compounds mentioned above [6, 7]. HA can 

be used as coatings by physical deposition on the substrate or by growing in-situ, whereas one 

challenge lies in forming HA directly on Mg alloys, as the presence of Mg
2+

 ions inhibit HA 

crystallization in aqueous solutions [8]. Previous studies attempted to deposit HA on Mg alloys 

by using techniques like direct hydrothermal synthesis, sol-gel, and electro-deposition [9-12]. 

However, to date, crucial parameters of coating thickness, morphology, and most importantly, 

compactness are still under sub-optimal conditions. The development of HA coatings on Mg 

alloys with stable, controllable, and compact capabilities is thus imperative. 

In comparison with other CaP coatings, DCPD is the most acidic and highly soluble (log Ksp = 

-6.59), which is more feasible to deposit on Mg alloys [6]. As a precursor of other CaPs, DCPD 

can progressively transform to HA in situ by hydrothermal reaction in an alkaline environment 

[13]. Previous researches focused on the transformation from unstable CaP coatings to HA 

coating on Ti substrate, while few study has been reported on Mg or Mg alloys so far [14-16]. 

Despite the efficiency in obtaining HA through this process, Su et al. reported problems of weak 
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corrosion resistance and high fragility of the obtained coating [17]. Therefore, it requires a 

systematic investigation of the reaction condition and formation mechanism from DCPD to HA 

on the substrates of Mg alloys, and in turn, the corresponding functionalities.  

Apart from the composition of the coating, other surface properties, such as the morphology of 

a biomaterial, are also critical in modulating cell behavior. These features considerably regulate 

and determine the osseointegration, which is defined as a structural anchoring and functional 

connection between a load-carrying implant and ordered living bone without fibrous tissue 

formation at the interface [18]. Human bone consists of stratified structured micro- and nano- 

features with biofunctional behaviors [19]. Currently, a large number of studies were focusing on 

the design of surfaces, which simulate bone structure at the micro- and nano- level to improve 

cell behaviors, including cell adhesion, proliferation, differentiation, and mineralization [20, 21]. 

It is reasonable to speculate that the hierarchical design of the implants may exert a significant 

influence on bone tissue regeneration. 

In our previous study, a biodegradable DCPD coating was developed on a Mg-Nd-Zn-Zr 

(named JDBM) alloy [22] by chemical solution deposition, with a thickness of 10-30 μm [23]. 

Herein, due to the weak alkalinity and low degradation rate of HA, we hypothesized HA coating 

of optimized physicochemical properties could further suppress corrosion and increase 

biocompatibility of Mg. We developed a series of HA-based coatings through a hydrothermal 

treatment of DCPD precursor. In order not to impair the mechanical property of Mg substrates, 

the whole hydrothermal process was kept at a low temperature of 70 ℃ . Morphology, 

composition and thickness of the coatings were optimized by controlling the hydrothermal 

reaction time at an optimal pH. The formation mechanism was analyzed during the coating 
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evolution process, where phase transitions were identified. The anti-corrosion behavior and 

mechanism was studied by immersion and electrochemical tests. Furthermore, in vitro biological 

evaluations were carried out with pre-osteoblasts to assess the effects of different CaP coatings 

on adhesion, proliferation, and osteogenic differentiation.  

2. Materials and methods 

2.1 Materials and sample preparation 

Disc samples of Φ14 × 3 mm of biomedical JDBM alloy were used in the study. A precursor 

coating of DCPD was produced according to our previous work [23]. HA coatings were 

subsequently obtained by immersing the DCPD-coated samples in an alkaline solution, 

containing ethylenediaminetetraacetic acid calcium disodium salt hydrate ((C10H12N2O8)CaNa2, 

Ca-EDTA, Sigma-Aldrich, USA), and sodium dihydrogen phosphate (NaH2PO4, Sinopharm 

Chemical Reagent Co., Ltd., China) at an optimized pH of 8.2. Afterwards, samples were 

subjected to low-temperature hydrothermal treatment at 70℃ in an autoclave, with varying time 

of 20 minutes (HA-20min), 1 hour (HA-1h), 3 hours (HA-3h), 6 hours (HA-6h) and 12 hours 

(HA-12h). Finally, samples were rinsed copiously with DI water and blown dried with streams of 

cold air. A schematic illustration of the coating preparation process is displayed in Fig. 1. 

 

Figure 1. Schematic depiction of the fabrication process of the HA-based coatings on the Mg 
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alloy substrates.  

2.2 Coating characterizations 

The constituent phases of the coatings were identified by X-ray diffraction (XRD, D8 Advance, 

Germany). In order to analyze the coating microstructure and composition, samples were 

observed by scanning electron microscopy (SEM, MIRA3, Czech Republic and SEM, Siron 200, 

USA) coupled with energy-dispersive X-ray spectroscopy (EDS, Aztec X-MaxN80, Czech 

Republic and EDS, INCA X-Act, USA) following sputter-coated with a thin layer of gold 

(Quorum, Q150T Plus, England). For HA-20min samples, the cross-section was analyzed by 

Raman imaging combined with FE-SEM (RISE, MAIA3, Czech Republic).  

2.3 In vitro corrosion/ degradation 

2.3.1 Electrochemical tests 

The electrochemical corrosion tests were carried out by immersion of the samples in Hanks’ 

solution at 37 °C, recorded with an electrochemical work station (DH7000, Donghua, China). A 

sample with an exposed area of 1 cm
2
 was considered as the working electrode, a saturated 

calomel electrode (SCE) as the reference, and graphite as the counter electrode. Open circuit 

potential curves were recorded by approximately 40 min to reach a steady state. Electrochemical 

impedance spectroscopy (EIS) measurements were performed within a frequency ranging from 

100 kHz to 100 mHz. Potentiodynamic polarization curve was obtained with a scanning rate of 1 

mV/s, and potential from −0.5 mV to 0.5 mV vs. open circuit potential. Impedance data was 

fitted and analyzed with ZSimpwin software (Version 3.50). 

2.3.2 Immersion test 
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Samples with different coatings were immersed in alpha-modified Eagle's medium (α-MEM, 

Gibco, Invitrogen), supplemented with 1% penicillin and streptomycin (Gibco, Invitrogen) and 

incubated at 37 °C with 5% CO2, and 95% humidity for up to 4 weeks. The Area/Volume (A/V) 

ratio of immersion was 1.25 cm
2
/mL, following in vitro standards in ISO 10993-5. At an interval 

of 3-4 days during immersion, the concentrations of Mg
2+

, Ca
2+

, and Pi in the extracts were 

analyzed by an inductively coupled plasma atomic emission spectrometer (ICP-AES, iCAP6300, 

USA). pH values were measured by a pH meter (FE20, Mettler Toledo, Switzerland), and 

osmotic pressures with a freezing point osmometer (Osmolality 3000, Gonotec, Germany). The 

concentration of Mg
2+

 in the extracts was converted to the corrosion rates of the samples 

according to the following equation (eq. 1):  

Mg + 2H2O ⟶  Mg
2+

 + 2OH
-
 + H2 (g)      (1) 

According to the standard ASTM G31-2012, the corrosion rate derived from the Mg
2+

 release 

was calculated by the equation (eq. 2): 

corrosion rate = (K×W) / (A×T×D)      (2) 

Where the constant K = 8.76×10
4
, W is the mass loss (g), A the sample area (cm

2
), T the time 

of exposure in hours (h), D the density (g/cm
3
), and corrosion rate unit in mm/year. 

At the 4 weeks of immersion, samples were removed from the medium, thoroughly rinsed and 

dried, coated with a thin layer of gold, and finally observed under SEM-EDS to examine the 

surface and cross-section. 

2.4 In vitro cellular response 
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2.4.1 Preparation of sample extracts 

Samples with different coatings were immersed in α-MEM under cell culture conditions for 3 

days to obtain extracts according to ISO 10993-5. Subsequently, the extracts were filtered (0.22 

μm, Millipore, US) and stored at 4℃. 

2.4.2 Cell culture 

Pre-osteoblast MC3T3-E1 (Cell Bank, Chinese Academy of Sciences) were cultured in α-MEM 

supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 1% penicillin and streptomycin, 

and incubated at 37℃ with 5% CO2 and 95% humidity. Fresh medium was replaced every two 

days. MC3T3-E1 cells from passages of 3-8 were used for the assays. Cells cultured in α-MEM 

with standard polystyrene culture plates (Corning, USA) were used as the control group. 

2.4.3 Effects of extracts on cell viability 

MC3T3-E1 cells were seeded in 96-well plates at a density of 5000 cells/cm
2
 and incubated for 

24 hours. Subsequently, the culture medium was replaced by 100 μL of sample extracts 

supplemented with 10% FBS. After 1, 3 days, respectively, the medium was replaced by 100 μL 

of fresh medium containing CCK-8 (CCK8, Beyotime Biotech, China) in a ratio of 10:1. Cells 

were incubated for 2 hours at 37℃, and optic density (OD) was measured by using a microplate 

reader (iMARK, Bio-Rad, USA) at a dual-wavelength of 450 nm and 655 nm. 

2.4.4 Cell adhesion and proliferation assay & Microscopic Analyses  

MC3T3-E1 cells were seeded directly on the samples of HF-JDBM, DCPD, HA-1h, HA-3h, and 

HA-12h, respectively, at a density of 5000 cells/cm
2
 and cultured for 1 day and 3 days. 
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Afterwards, samples were gently rinsed twice with pre-warmed PBS, followed by cell fixation in 

4% paraformaldehyde (PFA, Sigma-Aldrich, USA) for 30 minutes and permeabilization in 0.5% 

Triton X-100 for 5 minutes. After rinsing with PBS, cells were stained with Alexa Fluor 488 

phalloidin (1:100 dilution in PBS, Invitrogen, USA) for 1 hour and DAPI (1:1000 dilution in 

PBS, Invitrogen, USA) for 20 minutes. Finally, samples were rinsed with PBS, and adherent 

cells were observed by fluorescence microscopy (IX71, Olympus, Japan). For the quantification 

of the cells, at least 8 photos were taken for each sample and analyzed using the software ImageJ 

(version 1.51K). 

2.4.5 Observation of adherent cells using SEM 

MC3T3-E1 cells were seeded on the samples with different coatings at a density of 20000 

cells/cm
2
 and allowed for attachment for 24 hours. Subsequently, samples were rinsed twice with 

PBS, and adherent cells were fixed with 4% PFA for 30 minutes, followed by exposure to 

gradient ethanol dehydration (30, 50, 70, 80, 90 and 100%). Finally, samples were carefully 

air-dried and coated with a thin film of gold for 45 seconds for observation in SEM. 

2.4.6 Measurement of alkaline phosphatase (ALP) activity 

MC3T3-E1 cells were seeded in 6-well plates at a density of 1000 cells/cm
2
. After 24 hours, the 

medium was replaced with the differentiation medium, consisting of the sample extracts 

supplemented with 10% FBS, 0.1 μM dexamethasone, 50 μM ascorbic acid, and 10 mM 

β-glycerophosphate (all from Sigma, USA). Cells treated only with standard differentiation 

medium were used as the blank control, while cells growing with α-MEM supplemented with 10% 

of FBS as the negative control.  
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After 7 and 14 days of culture, cells were treated with 0.1% Triton-100 and were frozen and 

thawed twice to obtain the cell lysis. The total protein content was quantified by using a BCA 

Protein Assay Kit (Thermo Fisher Scientific, USA). ALP activity of MC3T3-E1 cells was 

measured by using p-nitrophenyl phosphate reagent (pNPP, Sigma, USA) according to the 

manufacturer’s instructions. Absorbance was measured with a microplate reader at 415 nm, by 

which ALP activity was calculated and normalized to the total protein content. 

2.5 Statistical analysis  

All data were shown as mean ± standard deviation (SD) from triplicate independent experiments. 

The results were analyzed with Student’s t-test or one-way analysis of variance (ANOVA) using 

SPSS software (Version 24, IBM, USA). p-value < 0.05 was considered statistically significant.  

3. Results 

3.1 Characterizations of calcium phosphate coatings 

The formation process of as-synthesized CaP coatings was observed with SEM, as displayed in 

Fig. 2a. Initially, the grains of the precursor coating of DCPD appeared granite-shaped with a 

diameter of 50-100 μm. After 20 minutes of low-temperature hydrothermal treatment, the 

morphology of the sample (HA-20min) in nanoscale became roughened uniformly. Subsequently, 

the coating in nanoscale transformed into spheroidal-like nanocrystals (HA-1h), which then 

further grew into nanorods morphology (HA-3h). After 6 hours (HA-6h), the surface of the 

microscale grains was densely covered with nanoneedle-like crystals, while a similar feature of 

longer needles was observed after 12 hours (HA-12h). The topography of coatings in the 

micro-scale remained almost unchanged during the overall hydrothermal process. The thickness 
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of the initial DCPD coating was about 5-25 μm. While no significant change of thickness was 

observed after hydrothermal reaction for 20 minutes and 1 hour, the entire coating thicknesses 

increased gradually to 9-30 μm, 15-38 μm, and 20-40 μm after 3, 6 and 12 hours, respectively. 

In Fig. 2b, EDS results confirmed that the Ca/P atomic ratio of the DCPD pre-coating was 

about 1.13 ± 0.12, similar to its stoichiometric ratio (1:1). After 12 h of hydrothermal treatment, 

the atomic ratio of the coating (HA-12h) significantly increased to 1.66 ± 0.13, which is close to 

the stoichiometric ratio of HA (Ca/P ratio = 1.67). Further information on the phase 

transformation during the entire hydrothermal process was demonstrated with XRD pattern 

analysis (Fig. 2c). Characteristic peaks of OCP (Joint Committee for Powder Diffraction Studies, 

JCPDS, 44-0778) at a 2θ = 4.8°, DCPD (JCPDS 09-0077) at a 2θ = 11.7° and HA (JCPDS 

24-0033) at a 2θ = 32.9° were identified. Prior to the hydrothermal reaction, the XRD pattern of 

the DCPD sample was detected to confirm the composition. After 20 minutes, both characteristic 

peaks of OCP and HA were detected on the coating (HA-20min), whereas the intensity of DCPD 

was decreased. As for HA-1h, the DCPD signal completely disappeared, the intensity of OCP 

characteristic peaks remarkably increased, and the signal of HA emerged. Afterwards, the 

characteristic peak of OCP at a 2θ = 4.8° decreased gradually, while the intensity of HA peaks 

within the angular region from 31° < 2θ < 35° increased observably. After 12 hours, the coating 

was mainly composed of HA, indicating a complete phase transformation. 
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Figure 2. (a) SEM images of the top surface and cross-section, (b) EDS results, and (c) XRD 

spectra of DCPD, HA-20min, HA-1h, HA-3h, HA-6h, and HA-12h coatings. 

In order to investigate the transformation mechanism from DCPD to OCP and HA during the 

initial hydrothermal process, Fig. 3a showed the analysis of the HA-20min cross-section through 

the examination of RISE (a combination of confocal Raman microscopy and SEM). This 

technique brings simultaneous and detailed information about the structural, elemental, and 

molecular composition of the coating [24]. In the Raman spectra, DCPD was labeled with red 

color, and OCP/HA with blue color (Fig. 3b), to reveal the relative distribution of DCPD and 

OCP/HA components in the coating. OCP/HA was obtained mainly in the outermost layer while 

DCPD predominately existed in the inner.  
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Figure 3. (a) RISE imaging and (b) Raman spectra of the cross-section area of the HA-20min 

coating. 

In addition, the bonding strength between the HA-12h coating and the Mg substrate was 

measured with tensile test as about 2 MPa, indicating that the obtained HA coating adequate 

interfacial binding to meet the requirements for orthopedic applications.  

3.2 In vitro corrosion/ degradation  

Electrochemical evaluations such as potentiodynamic polarization and electrochemical 

impedance spectroscopy have been widely used to study corrosion mechanisms. Electrochemical 

corrosion results coated JDBM were shown in Fig. 4. It was observed from Fig. 4a that the open 
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circuit potential stabilized at -1.33V, -1.30V, and -1.17V for HF-JDBM, DCPD and HA-12h 

samples, respectively. The positive shift of potential implied a lower tendency of HA-12h 

towards corrosion from the perspective of thermodynamics. Fig. 4b displayed the 

potentiodynamic polarization curves of the three coating groups. The corrosion potential (Ecorr) 

and the corrosion current densities (Icorr) were calculated by Tafel fitting, while the pitting 

corrosion potential (Epit) was extrapolated from the polarization curves (Table 1). The Icorr of the 

HF-JDBM, DCPD, and HA-12h sample were 4.17 μA/cm
2
, 3.45 μA/cm

2
, and 2.06 μA/cm

2
, 

respectively, indicating a most decelerated corrosion with the HA-12h coating. In the anodic 

polarization range, the slope of the HA-12h curve was much sharper than the others, signifying a 

most enhanced polarizability and decelerated corrosion with the HA-12h coating. Meanwhile, 

the Epit of the HF-JDBM and DCPD sample were -1.14V and -1.01V, revealing that the DCPD 

coating slightly increased the pitting corrosion resistance of JDBM. Moreover, no pitting 

potential of HA-12h occurred in the scan range, indicating the pitting corrosion resistance of 

JDBM is greatly enhanced by coating compact hydroxyapatite.  

For the characteristic impedance spectra, Nyquist plots consisting of single capacitive loops 

were shown in Fig. 4c, along with the corresponding equivalent circuits (EC) applied to fit the 

EIS results and displayed in Fig. 4d. For the coated-JDBM, the corrosion resistance was clearly 

enhanced when a larger diameter of high frequency capacitive loop appeared in the Nyquist plots. 

The EC of the single-layer HF-JDBM was different from those of DCPD and HA-12h samples 

with double layers. In this EC model, Rs was the solution resistance; Cf and Rf were capacity and 

resistance of DCPD or HA-12h coating; CPEb and Rb represented the magnesium fluoride (MgF2) 

layer as a barrier after JDBM fluorination. Cdl referred to the electric double layer capacity 

between the MgF2 layer and substrate, and Rct was the charge transfer resistance. Due to the 
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invasion of Cl
-
 to the MgF2 layer, the solution could permeate through the coatings and 

interacted with the JDBM. The charge transfer process occurred and an electric double layer 

formed, described by a CPEdl and a Rct in parallel. The corrosion mechanisms were generally 

fitted well with the EC model, and the fitted parameters were summarized in Table 2. The Rct 

value of HF-JDBM sample was calculated as of 836 Ω·cm
2
, which was increased with the DCPD 

coating to 1089 Ω·cm
2
, while the Rct value of HA-12h reached 3197 Ω·cm

2
, demonstrating the 

impeding effect with the DCPD coating and the excellent corrosion resistance of HA-12h coating 

on JDBM substrates.  

 

Figure 4. Electrochemical corrosion results of the HF-JDBM, DCPD and HA-12h samples in 

Hanks’ solution: (a) open circuit potential curves, (b) potentiodynamic polarization curves, (c) 

Nyquist plots and (d) equivalent circuits used for fitting the EIS spectra. 
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 Ecorr (V) Icorr (μA/cm
2) Epit (V) 

HF-JDBM -1.22 4.17 -1.14 

DCPD -1.19 3.45 -1.01 

HA-12h -1.16 2.06 not found 

 

Table 1. Ecorr, Icorr and Epit values of the HF-JDBM, DCPD and HA-12h samples obtained from 

the potentiodynamic polarization curves.  

 Rs  

(Ω·cm2) 

Cf 

(S·cm-2·s-1) 

Rf  

(Ω·cm2) 

CPEb 

 (S·cm-2·s-1) 

n Rb 

(Ω·cm2) 

Cdl 

 (S·cm-2·s-1) 

Rct  

(Ω·cm2) 

HF-JDBM 41.3   2.66×10-5 0.889 414 1.64×10-6 836 

DCPD 41.9 1.34×10-8 64.9 3.21×10-5 0.646 530 3.25×10-6 1083 

HA-12h 38.4 6.85×10-6 175 3.25×10-5 0.506 187 5.79×10-6 3197 

 

Table 2. Electrochemical parameters determined from fitting Nyquist plots of the HF-JDBM, 

DCPD and HA-12h samples. 

The degradation profiles and characteristics were also evaluated by the actual immersion test 

in the cell culture medium. In Fig. 5a, it showed an improvement in corrosion resistance of the 

HA-12h sample in comparison with the HF-JDBM through the analysis of Mg
2+

 release curves. 

It was possible to observe within the enlarged view of the plot in the first 7 days that the Mg
2+

 

release of the HA-12h further reduced 39.0% of that of DCPD. In the first 14 days post 
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immersion, as compared to the high corrosion rate of HF-JDBM of 0.182 mm/year, for DCPD it 

was of 0.056 mm/year and for HA-12h was of 0.033 mm/year, which corresponds to a marked 

decrease by 69.2% and 81.9%, respectively (Fig. 5b). The corrosion rate of the HF-JDBM 

sample remained consistent until day 28, which was 0.171 mm/year. Interestingly, the DCPD 

group revealed a drastic rise of corrosion rate from 14-28 days, which slightly exceeded that of 

the HF-JDBM, and the corrosion rate for total 28 days reached a lower level as compared to 

HF-JDBM with 0.137 mm/year. On the contrary, HA-12h sample showed a steady, and the 

slowest release profile with a calculated corrosion rate of 0.036 mm/year during the whole period, 

which represented a considerable enhancement of corrosion-resistance by 78.9% and 73.7% in 4 

weeks compared to HF-JDBM and DCPD, respectively. 

Throughout the overall process, the pH value of the HA-12h extract kept at 7.59-7.81, which 

was the most similar to that of the physiological environment among the three samples. It was 

slightly higher than that of α-MEM (measured as 7.60), while the extract of HF-JDBM was the 

most alkaline with a pH of 7.77-8.07 (Fig. 5c). Intriguingly, the pH change of DCPD extract 

displayed a biphasic profile, which slightly increased to 7.74 in the first 3 days, followed by a 

gradual decrease to 7.40 until day 7, which afterwards elevated to 8.03 in the end. The osmolality 

values in the sample extracts generally followed a similar trend as that of the pH (Fig. 5d). 

As shown in Fig. 5e and 5f, we also observed that the curves displayed different variation 

trends for different coating groups. The Ca
2+

 concentration of HF-JDBM appeared below that of 

α-MEM in the first 21 days, and then rose to the initial level of about 67.0 ppm. Intriguingly, in 

the DCPD extract, it first increased from 68.3 ppm to 91.0 ppm on day 1, which then gradually 

dropped to approximately 30.0-40.0 ppm, even lower than that of the α-MEM (68.3 ppm). As for 

HA-12h, following a decrease to roughly 34.4 ppm on the first day, it stabilized in the range of 
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33.0-42.3 ppm. Regarding the Pi concentration, it was evident that for DCPD it explosively grew 

to 122.9 ppm on day 10, and quickly declined to 18.5 ppm at the end of the experiment, while for 

HA-12h and HF-JDBM it revealed a gentle decrease from 29.2 ppm to 19.0 ppm. 

 

Figure 5. (a) Cumulative Mg
2+

 release, (b) calculated corrosion rate, (c) pH value, (d) osmolality, 
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(e) Ca
2+

 concentration, and (f) Pi concentration of the extracts of HF-JDBM, DCPD and HA-12h 

in α-MEM for 28 days immersion.  

Results of SEM-EDS from the samples of HF-JDBM, DCPD, and HA-12h post the immersion 

test were shown in Fig. 6. As for the HA-12h sample, the morphology remained almost intact in 

micro-scale, and surface needle-like crystals transformed to coralloidal morphology in nanoscale, 

while the HF-JDBM presented a deeply cracked surface appearance, and the DCPD displayed 

fissures and flower-like crystals with some defects and cracks occasionally found. On the 

contrary, in the cross-section view, the thickness of the HA-12h coating increased to 32-85 μm, 

while no crack or defect was observed on the surface, implying the induction of in-situ growth of 

HA in the medium. The HF-JDBM showed a degradation product layer of 15-20 μm thick, and 

corrosion pits penetrating the substrate were observed in the DCPD. According to the EDS 

results, high intensities of Ca and P signals of the three samples were all detected, with signal of 

Mg substrate decreased. The ratios of Ca/P of HF-JDBM, DCPD, and HA-12h samples were 

0.88 ± 0.06, 1.46 ± 0.10, and 1.62 ± 0.07, respectively, which were much closer to the 

stoichiometric Ca/P ratio of hydroxyapatite (1.67), indicating the self-induced growth capacity of 

HA in the culture medium. 
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Figure 6. SEM surface and cross-section micrographs, and EDS results of HF-JDBM, DCPD 

and HA-12h samples after immersion under cell culture condition for 28 days. 

3.3 Effects of extracts on cell viability  

The viability of MC3T3-E1 cells incubated with sample extracts was tested with CCK-8 assay. 

In Fig. 7a, MC3T3-E1 cells cultured in the presence of the extracts of all the groups revealed 

remarkable cell growth after 3 days, as indicated by the increment of OD values. Cells exposed 

to the extract from DCPD and HA-1h showed a significantly higher cell proliferation in terms of 

mitochondrial activity in comparison with the control group. Cells treated with the extracts of 

HA-3h and HA-12h displayed nearly identical behavior to that of the control group with no 

statistical difference.  

3.4 Cell adhesion and proliferation on coated-JDBM 

Fig. 7d presented fluorescence staining images of nuclei of the attached cells, cultured for 1 day 

and 3 days on the samples. Statistical analysis of adherent cell density was illustrated in Fig. 7b. 
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On day 1, the HF-JDBM group had a noticeable inhibitory effect on cell adhesion as compared to 

the control group, while a general trend of improvement on cell adhesion was observed as for 

DCPD, HA-1h, HA-3h, and HA-12h samples, showing 192.8%, 149.0%, 137.3%, and 125.9% of 

the control group. On day 3, in contrast to a distinct increase in cell number in the control group, 

for the HF-JDBM, it exhibited rather poor proliferation profile, suggesting high cytotoxicity. 

While for DCPD, HA-1h, HA-3h and HA-12h groups, they showed slightly lower cell number 

than the control group. In Fig. 7e and 7f, cells in the control group showed typical and 

widespread morphology with clear dorsal stress fibers. Cells on the HF-JDBM exhibited similar 

morphologies to those on the control but appeared smaller, whereas the MC3T3-E1 cells on the 

DCPD and HA-1h samples showed an elongated shape, with attachment to the edge of the grains. 

On the HA-3h and HA-12h groups, the cells became polygonal-shaped, with the presence of 

filopodia and well-formed cell-cell adhesions, commonly indicating an optimal attachment and 

intercellular communication. 
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Figure 7. (a) CCK-8 assay results of MC3T3-E1 cells cultured in the sample extracts for 1 day 

and 3 days, (b) Statistical analysis of adherent MC3T3-E1 cells on the samples for 1 day and 3 

days, (c) ALP activity of MC3T3-E1 cells for 7 day and 14 days, (d) fluorescence microscopy 

images of cell nucleus and (e) cytoskeleton staining on the samples after culturing for 1 day and 

3 days of HF-JDBM, DCPD, HA-1h, HA-3h and HA-12h, and (f) the SEM images of adherent 

MC3T3-E1 cells on the samples after 1-day culture. Blue, nuclei stained with DAPI. Green, actin 
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cytoskeleton stained with phalloidin. # p < 0.05. * p < 0.05 between the test group and the 

control group. & p < 0.05 between the test group and the HF-JDBM group.  

3.5 ALP activity measurement 

ALP is a crucial marker to measure the potential ability of osteoblastic differentiation and 

osteogenesis at the early stage. In Fig. 7c, the ALP activities of MC3T3-E1 in control, HA-3h, 

and HA-12h were similar after 7 days of incubation. After 14 days, the ALP values of HA-1h, 

HA-3h, and HA-12h were appreciably higher than that of the control group by 50.5%, 17.6%, 

29.7%, implying promoted osteogenic differentiation of MC3T3-E1 cells. Notably, cells cultured 

in the presence of the DCPD group appeared slightly lower ALP activity than the control, while 

cells in the HF-JDBM barely expressed ALP activity. 

4. Discussion 

4.1 Mechanism of the HA formation process 

The heterogeneous nucleation of DCPD was initiated upon the degradation of the JDBM 

substrate, where local pH at the metal-solution interface increased, thus facilitating the 

deposition of DCPD [23]. Afterwards, microscale, coarse grains were observed on the DCPD 

sample. The interfacial reactions to achieve DCPD deposition are described in eq. 3 and eq. 4: 

Ca
2+

 + H2PO4
-
 + 2H2O ⟶  CaHPO4·2H2O (s) + H

+
      (3) 

Mg + 2H
+
 ⟶  Mg

2+
 + H2 (g)      (4)  

OCP, a more alkaline calcium phosphate phase in comparison with DCPD, can convert to HA 

by further hydrolyzing, signifying a transition phase between DCPD and HA [25]. According to 
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the XRD result (Fig. 2b), it was within one hour that DCPD fulfilled complete transformation to 

OCP and HA. The transformation from DCPD to OCP thus can be described by the following 

reaction (eq. 5):  

6CaHPO4·2H2O (s) + 2[(C10H12N2O8)Ca]
2-

 + 4OH
-
 ⟶  Ca8(HPO4)2(PO4)4·5H2O (s) + 11H2O + 

2(C10H12N2O8)
4-

      (5) 

The mechanism of the initial conversion of DCPD coating was studied by the analysis of 

HA-20min. The cross-section of HA-20min was separated into two layers of coexistence of three 

phases, the outermost layer of OCP and HA and the inner of remaining DCPD. This observation 

implied an in-situ conversion mechanism of part of the DCPD coating to a mixture of OCP and 

HA. Furthermore, based on others’ previous findings [14], it is thus most probably attributable to 

a continuous process of local dissolution and reprecipitation mechanism. 

Afterwards, OCP transformed gradually into HA following the reaction: 

Ca8(HPO4)2(PO4)4·5H2O (s) + 2[(C10H12N2O8)Ca]
2-

 + 4OH
-
 ⟶  Ca10(PO4)6(OH)2 (s) + 7H2O + 

2(C10H12N2O8)
4-

      (6) 

Thus the overall reaction can be presented as below： 

6CaHPO4·2H2O (s) + 4[(C10H12N2O8)Ca]
2-

 + 8OH
-
 ⟶  Ca10(PO4)6(OH)2 (s) + 18H2O + 

4(C10H12N2O8)
4-

      (7) 

In addition, it was observed that the thicknesses of the samples were time-variable, which was 

presumable to have the deposition of HA on the top surface. The equation is thus described as 

follows: 
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10[(C10H12N2O8)Ca]
2-

 + 6PO4
3-

 + 2OH
-
 ⟶  Ca10(PO4)6(OH)2 (s) + 10(C10H12N2O8)

4-
      (8) 

 In the beginning of the hydrothermal process, DCPD was converted to HA by a 

low-temperature (Fig. 1). During 12 hours, the micro-morphology remained similar, whereas 

notable changes at the nanoscale could be observed. While the coating morphology became 

roughened in nanoscale, and then it evolved to spheroidal-like and needle-like nanocrystals 

successively. 

In this process, it can be inferred that the pH value on the coating surface increases because of 

the Mg degradation (eq. 1), supplying OH
-
 ions to accelerate the nucleation and growth of OCP 

and HA. Furthermore, as the calcium element is one of the indispensable reagent, and the Pi ions 

are buffer agents to form a uniform coating by maintaining pH stability, the treatment solution 

should reach a high concentration of both calcium and phosphate ions for HA crystallization in 

an alkaline environment. Ca-EDTA is a chelate of calcium with hypotoxicity and high solubility 

up to 1.2 M in aqueous solution at room temperature, which has higher Ksp than inorganic Ca 

salts. Additionally, Ca-EDTA provides a wide pH range for the synthesis of OCP and HA 

coatings, compared to other calcium chelate compounds such as calcium lactate and calcium 

gluconate [26]. In agreement with previous studies, it demonstrated that the HA crystals grew 

along the c-axis orientation proportionally with the increase of the reaction time in NaOH 

solution at an appropriate temperature 60-100 ℃, which could be controlled to decompose 

Ca-EDTA and to induce the reactions [27]. The [001]-oriented rod-like nanocrystals continually 

grew to nanoneedles due to the attraction of COO
-
 groups in EDTA and the calcium ions along 

the c-axis in HA [28].  

4.2 Degradation characteristics and possible mechanism  
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In order to improve the durability and mechanical resistance of biodegradable orthopedic 

implants, a layer of MgF2 was first produced by exposing JDBM to hydrofluoric acid [29]. MgF2 

layer acted as a barrier initially to slow down the corrosion rate; however, it can be dissolved 

gradually in Cl
-
 containing solution, causing defects in the coating and weakening the protective 

effects in the long-term test as described in eq. 9 [29, 30].  

MgF2 (s) 
Cl

 Mg
2+

 + 2F
-
      (9) 

Based on the immersion results and the surface characterization in Fig. 5, and Fig. 6, the 

HF-JDBM samples in α-MEM released Mg
2+

 consistently at a constant rate, and the total amount 

of Mg
2+

 was the highest among three coating groups after 28 days of immersion. The highly 

cracked surface morphology further revealed its limited protection against Mg substrate 

corrosion. In the EDS analysis, the generation of Ca, P, and O elements verified the deposition of 

CaP compounds during degradation. The short-term protection ability of MgF2 was previously 

proved by the results of J Zhang and coworkers that MgF2 lost its protection capability after 10 

days, which thus impeded the clinical application of Mg alloys [31]. 

Thereby, a DCPD coating was designed to improve the corrosion resistance by impeding the 

water diffusion and ion assault and promote bioactivity at the same time [23]. The 

electrochemical test presented the improved corrosion resistance of DCPD coating. In the first 14 

days of the immersion test, the Mg
2+

 released was suppressed by DCPD coating. However, the 

high solubility of the DCPD led to the deprotonation following the reaction (eq. 10 and eq. 11):  

CaHPO4·2H2O (s) ⟶  Ca
2+

 + HPO4
2-

 + 2H2O      (10) 

HPO4
2-

  H
+
 + PO4

3-
      (11) 
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Consequently, it caused a gradual decrease in the pH from day 3 to day 10 and eventually 

reached the minimum value of ~7.4 on day 7. In the last 14 days, the corrosion rate of DCPD 

was accelerated even higher than that of HF-JDBM, evidenced by a dramatic elevation of Mg
2+

 

release. Consequently, part of the coating was peeled off, with notable corrosion pits formed on 

the substrate surface. The ratio of Ca/P (1.46) was higher than that of DCPD, but closer to the 

stoichiometric Ca/P ratio of hydroxyapatite (1.67), indicating part of the DCPD coating 

converted to HA during 28 days immersion in the culture medium. As reported in previous 

works in our group, the Ca/P ratio of DCPD was measured about 1.33 after 21 days of 

immersion in m-SBF buffer solution, which might be due to the induction of HA precipitation 

after exposure to SBF[32]. 

In this study, hydrothermal conversion of DCPD coating with the dense structure was 

designed to generate HA coatings with unchanged compact topography in micro-scale to protect 

Mg alloys in long-term degradation. The performance of the HA coating with no internal 

crack/defect and increased thickness was attributable to the self-induced growth capacity of the 

coating in medium to well maintain the coating integrity as an effective barrier layer. In the 

electrochemical test, the tendency of pitting corrosion was obviously inhibited by hydrothermal 

treatment, clearly indicating the good stability and compactness of the obtained hydroxyapatite 

coating. Moreover, in the immersion test, HA with low degradation rate provides local alkaline 

microenvironment in body fluid, further contributing to a substantial enhancement of corrosion 

protection as compared to the DCPD, displaying a controlled, near-linear degradation profile of 

0.036 mm/year, presenting great potential in orthopedic clinical applications. Surface HA 

induced nucleation and growth, leading to an increase of HA-12h thickness (eq. 12), further 

underlining its desirable properties of great stability and corrosion protection. 
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10Ca
2+

 + 6PO4
3-

 + 2OH
-
 ⟶  Ca10(PO4)6(OH)2 (s)      (12) 

4.3 Cytocompatibility, activity and potential factors 

In vitro biocompatibility evaluations of CaP-coated JDBM alloy were prerequisites for clinic 

applications by building up a systematical analysis. For the coated JDBM, the microenvironment 

of osteoblasts was affected by different factors such as the chemical composition, surface 

morphology, and degradation behavior of materials. These factors simultaneously exerted an 

essential impact on cell behaviors including cell adhesion, proliferation, and differentiation. 

According to the cell proliferation results, MC3T3-E1 cells in the DCPD and HA-1h extracts 

exhibited a higher proliferation rate than those in control, while the HF-JDBM group expressed 

slightly lower cell activity than the control group during 3 days culture (Fig. 7a). This result 

could be correlated to the in vitro degradation tests, where the concentration of Mg
2+

, pH value 

and osmolality in the extracts were considered as the predominant factors on cell viability. They 

were modulated to various extents based on the chemical property of the coating materials in 

3-day immersion but controlled below 360 ppm of Mg
2+

 concentration, 7.4-7.8 of pH value and 

300-500 mOsmol/kg of osmolality, which were critical doses without inhibiting MC3T3-E1 

growth, as documented in previous work [33]. Furthermore, MC3T3-E1 cells displayed superior 

viability in the DCPD group. In the process of DCPD extract preparation, Mg degradation was 

significantly slowed down initially, and the concentration of Ca
2+

 rose because of the hydrolysis 

of DCPD (Fig. 4). It was previously reported that the increase of extracellular Ca
2+

 concentration 

was beneficial to cell survival and proliferation through the calcium-sensing receptor (CaR) [34]. 

The minimum Ca
2+

 concentration for maintaining cellular activity was about 1.8 mM, similar to 

that supplied in α-MEM, and lower Ca
2+

 concentration significantly prevented the cell growth 
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[35]. In consideration of this factor, the DCPD coating provided a more favorable 

microenvironment for cell proliferation in the early stage of cell culture. 

The direct cell adhesion and proliferation assays are more complex than cell viability 

evaluations in extracts, due to the influences by various parameters, such as interfacial properties 

and local enrichment of degradation products, which may be responsible for the reduced cell 

activity of HF-JDBM. All of CaP coated groups demonstrated superior cytocompatibility of 

MC3T3-E1 cells on day 1, presumably due to their protection against Mg corrosion, and their 

similarity to the mineral component of bones. On day 3, poor cell proliferation was found on the 

HF-JDBM sample. For all of the hydrothermally treated samples, the number of cells 

significantly increased during 3 days culture, while it was slightly inferior to that of the DCPD 

and control group. This result might be correlated with the decrease of [Ca
2+

] within three days 

of immersion, as mentioned above. It was found that lowering the [Ca
2+

] to 20 ppm suppressed 

osteoblast proliferation in previous study [36, 37]. Details on cell-material interactions were 

further carefully analyzed with fluorescence staining and SEM. Cells on the DCPD and HA-1h 

exhibited elongated shape, with attachment to the edge of the grains. On the contrary, cells 

cultured on the HA-3h and HA-12h samples appeared well-spread shape, with a number of 

filopodia visible. Another important factor affecting cell adhesion would be the micro/nano 

topographical properties, which were demonstrated to regulate cell morphology and focal 

adhesion, facilitating cell-material attachment and improving biological performance [38]. It was 

previously reported that micro- and nano-structures synergistically affected the integrin activity, 

BMP-2 signaling pathway, and Cx43-related cell-cell communication [39]. This combination of 

interfacial structures in different scales is assumed to further enhance the biological activity of 

HA-coated JDBM. 
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HA, by itself, has been widely considered to facilitate osteoblastic differentiation and induce 

the bone regeneration process [40, 41]. In our study of HA coating on Mg, while the ALP 

activity of HF-JDBM and DCPD appeared lower than the control group, the distinctly elevated 

ALP activity in the HA-1h, HA-3h, and HA-12h groups suggested an enhanced osteogenic 

differentiation after 14 days of cell culture (Fig. 7c). Among all the three HA coating groups, the 

ALP level revealed the highest in the HA-1h, presumably due to the hydrolysis of OCP in the 

coating, which released inorganic phosphate (Pi) ions, similar as Sai et al. reported previously 

[42]. Additionally, we found the cells cultured in the HF-JDBM group had no differentiation 

capacity, which was most probably attributed to the over-high pH and released Mg
2+

 

concentration [43]. Collectively, among the three different groups under investigation, HA-based 

coatings provide a most favorable interfacial environment for the Mg matrix to improve in vitro 

osteoinductivity properties, which was correlated with its chemical and morphological 

characteristics, and controlled degradation for Mg as well. A schematic illustration was proposed 

to summarize the coating formation, degradation process, and accordingly the effects on the 

cellular response (Fig. 8). 
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Figure 8. A schematic illustration of the coating formation, degradation process and cellular 

morphology of HF-JDBM, DCPD and HA samples.  

5. Conclusions 

The present work proposed convenient fabrication of HA-based coatings with controllable 

composition and structure on a biodegradable Mg-Nd-Zn-Zr alloy by low-temperature 

hydrothermal treatment of DCPD pre-coating. It demonstrated a continuous process of local 

dissolution and reprecipitation mechanism and in-situ conversion process of the coatings. The 
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HA coating of high pitting corrosion resistance and low corrosion rate in the long-term test, 

intrinsic weak alkalinity, low degradation rate, self-induced growth capacity, and obtained dense 

structure significantly enhanced the in vitro Mg corrosion resistance in comparison with MgF2 

and DCPD coatings. Moreover, a controllable degradation microenvironment and the 

hierarchical morphology of the coating revealed salutary effects on cytocompatibility and 

osteogenic differentiation in vitro. Collectively, compact HA coatings generated on JDBM alloys 

with hierarchical structure achieve both excellent corrosion resistance and favorable 

biocompatibility, showing great potential for a variety of temporary orthopedic implants 

applications.  
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Highlights 

1. Hierarchically structured HA coatings are developed on Mg by hydrothermal conversion.  

2. Local dissolution and reprecipitation mechanism from brushite precursor are elucidated. 

3. The HA coating greatly impedes Mg corrosion owing to its compact structure and alkalinity. 

4. The HA coating provides favorable microenvironment to improve in vitro osteoinductivity. 
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