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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 kn.>tic conversion process with
formation mechanism revealed. The hydroxyapatite coating dem dnstrated the greatest corrosion
resistance for Mg in electrochemical and long-term irimcsion tests, especially against pitting
corrosion, attributable to its compact structur> alkaiine degradation environment and
self-induced growth capacity. The in vitro cxto. mpatibility and osteoinductivity were dictated.
Additionally, anti-corrosion mechanisms we.2 compared among different coating compositions
and structures, along with their correia *on with cellular response. Our study brings hints for a

tailored surface design for resorbzle L :omedical 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 % heations, in particular, in the
cardiovascular, orthopedic and dental implants fields [1]. Fo. orthopedic implants, Mg has
distinct advantages of biosafety, biodegradability, aru mctching mechanical properties; for
instance, Young’s modulus, which is lower comparec. to ¢onventional biometals but similar as
natural bones to obviate the risk of “stress shie!ling™ [2]. During the degradation of Mg, release
of magnesium ions (Mg?) and hydrogei. gas (H,) modify the physiological environment.
Corrosion product as magnesium hyr':xil'e (Mg(OH),) is dissolved by the action of chloride
ions present in the body fluid to induc~ 10cal alkalization, while the accumulation of H;, produces
subcutaneous gas pockets and ~ec.2sis of the surrounding tissue [3]. The dramatic changes at the
interface, nevertheless, v ou.! Inevitably affect the tissue healing and remodeling process, and
ultimately the recovery 01 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].



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), B-tricalcium phosphate (B-TCP), octacalcium phospha*e (OCP), amorphous calcium
phosphate (ACP) and hydroxyapatite (HA) have been used on my ailloy implants, to facilitate
osteointegration and inducing bioactivity . Specifically, H.\ is a major component of natural
bones [5]. Synthetic HA is considered stable in the ny~ioiogical environment with a lower
degradation rate in comparison with the other CaP ~ampounds mentioned above [6, 7]. HA can
be used as coatings by physical deposition nn ~e substrate or by growing in-situ, whereas one
challenge lies in forming HA directly on N:7 alloys, as the presence of Mg®" ions inhibit HA
crystallization in aqueous solutions [5]. Previous studies attempted to deposit HA on Mg alloys
by using techniques like direct  /drothermal synthesis, sol-gel, and electro-deposition [9-12].
However, to date, crucial paraewrs of coating thickness, morphology, and most importantly,
compactness are still unler . ub-optimal conditions. The development of HA coatings on Mg

alloys with stable, contrn!’able, and compact capabilities is thus imperative.

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



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 livi.ig hone without fibrous tissue
formation at the interface [18]. Human bone consists of stiatifi:d structured micro- and nano-
features with biofunctional behaviors [19]. Currently, a «ary= number of studies were focusing on
the design of surfaces, which simulate bone struct-re at the micro- and nano- level to improve
cell behaviors, including cell adhesion, proliferc:ion, differentiation, and mineralization [20, 21].
It is reasonable to speculate that the hierarc, ‘cal design of the implants may exert a significant

influence on bone tissue regeneration

In our previous study, a birdeg.dable DCPD coating was developed on a Mg-Nd-Zn-Zr
(named JDBM) alloy [22] by chamical solution deposition, with a thickness of 10-30 um [23].
Herein, due to the weak AInwinity 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 ‘C. 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



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 ®14 x 3 mm of biomedical JDBM alloy v/erc used in the study. A precursor
coating of DCPD was produced according to our .. 1uus work [23]. HA coatings were
subsequently obtained by immersing the DCPD-cuateu samples in an alkaline solution,
containing ethylenediaminetetraacetic acid calc:um utsodium salt hydrate ((C10H12N20g)CaNay,
Ca-EDTA, Sigma-Aldrich, USA), and so.?Jm dihydrogen phosphate (NaH2PO,, Sinopharm
Chemical Reagent Co., Ltd., China) ~t .1 optimized pH of 8.2. Afterwards, samples were

subjected to low-temperature hydroth.*mal treatment at 70°C in an autoclave, with varying time

of 20 minutes (HA-20min), 1 »ous (HA-1h), 3 hours (HA-3h), 6 hours (HA-6h) and 12 hours
(HA-12h). Finally, sampl s w 3re rinsed copiously with DI water and blown dried with streams of

cold air. A schematic ill'=_ration of the coating preparation process is displayed in Fig. 1.
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Figure 1. Schematic depiction of the fabrication process of the HA-based coatings on the Mg



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 (EL.C Aztec X-MaxN80, Czech
Republic and EDS, INCA X-Act, USA) following sputter-cocter, with a thin layer of gold
(Quorum, Q150T Plus, England). For HA-20min samplcs, uie cross-section was analyzed by

Raman imaging combined with FE-SEM (RISE, MAIAC, Czech Republic).
2.3 In vitro corrosion/ degradation
2.3.1 Electrochemical tests

The electrochemical corrosion tesws vuie carried out by immersion of the samples in Hanks’
solution at 37 °C, recorded with cn electrochemical work station (DH7000, Donghua, China). A
sample with an exposed aica uf 1 cm? was considered as the working electrode, a saturated
calomel electrode (SCE) 1s 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



Samples with different coatings were immersed in alpha-modified Eagle's medium (a-MEM,
Gibco, Invitrogen), supplemented with 1% penicillin and streptomycin (Gibco, Invitrogen) and
incubated at 37 °C with 5% CO,, and 95% humidity for up to 4 weeks. The Area/Volume (A/V)
ratio of immersion was 1.25 cm?/mL, following in vitro standards in 1SO 10993-5. At an interval
of 3-4 days during immersion, the concentrations of Mg**, Ca**, and P; 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, Mettic. Toledo, Switzerland), and
osmotic pressures with a freezing point osmometer (Osmolal:ts 2200, Gonotec, Germany). The
concentration of Mg®* in the extracts was converted tu the corrosion rates of the samples

according to the following equation (eq. 1):
Mg + 2H,0 — Mg* + 20H + H, (g) <)

According to the standard ASTM Gs-2012, the corrosion rate derived from the Mg®* release

was calculated by the equation (eq. 2):
corrosion rate = (KxW) / (Ax7<L; (2)

Where the constan.,” = 2 16x10%, W is the mass loss (g), A the sample area (cm?), T the time

of exposure in hours (h), D the density (g/cm®), 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



2.4.1 Preparation of sample extracts

Samples with different coatings were immersed in a-MEM under cell culture conditions for 3
days to obtain extracts according to ISO 10993-5. Subsequently, the extracts were filtered (0.22

um, Millipore, US) and stored at 4°C.

2.4.2 Cell culture

Pre-osteoblast MC3T3-E1 (Cell Bank, Chinese Academy of Sc’enc>s) were cultured in a-MEM
supplemented with 10% fetal bovine serum (FBS, Gibco, US A), % penicillin and streptomycin,
and incubated at 37°C with 5% CO, and 95% humidit/. + "esh medium was replaced every two
days. MC3T3-E1 cells from passages of 3-8 were u: 2d for the assays. Cells cultured in a-MEM

with standard polystyrene culture plates (Co~..'ny, USA) were used as the control group.
2.4.3 Effects of extracts on cell viabiliiy

MC3T3-E1 cells were seeded in “6-wll plates at a density of 5000 cells/cm? and incubated for
24 hours. Subsequently, the ilwre medium was replaced by 100 pL of sample extracts
supplemented with 10% -BS. After 1, 3 days, respectively, the medium was replaced by 100 puL
of fresh medium containi'\g CCK-8 (CCK8, Beyotime Biotech, China) in a ratio of 10:1. Cells

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

reader (iIMARK, 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? and cultured for 1 day and 3 days.



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 analy.cq using the software ImageJ

(version 1.51K).
2.4.5 Observation of adherent cells using SEM

MC3T3-E1 cells were seeded on the samples \/i’n different coatings at a density of 20000
cells/cm? and allowed for attachment for 2 ho rs. Subsequently, samples were rinsed twice with
PBS, and adherent cells were fixed w.*th 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 *ilm >f gold for 45 seconds for observation in SEM.
2.4.6 Measurement of a’'«kan e phosphatase (ALP) activity

MC3T3-E1 cells were seeded in 6-well plates at a density of 1000 cells/cm?. After 24 hours, the
medium was replaced with the differentiation medium, consisting of the sample extracts
supplemented with 10% FBS, 0.1 uM dexamethasone, 50 uM ascorbic acid, and 10 mM
B-glycerophosphate (all from Sigma, USA). Cells treated only with standard differentiation
medium were used as the blank control, while cells growing with a-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 uiplicate independent experiments.
The results were analyzed with Student’s t-test or one-w v analysis of variance (ANOVA) using

SPSS software (Version 24, IBM, USA). p-value - %.C5 was considered statistically significant.

3. Results

3.1 Characterizations of calcium pt.o,p iate coatings

The formation process of as-s'/n.esized CaP coatings was observed with SEM, as displayed in
Fig. 2a. Initially, the gra’as m the precursor coating of DCPD appeared granite-shaped with a
diameter of 50-100 pum. 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 um. 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 pum, 15-38 pum, and 20-40 um 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 te 1.66 + 0.13, which is close to
the stoichiometric ratio of HA (Ca/P ratio = 1.67). Furt'ier information on the phase
transformation during the entire hydrothermal process wes de monstrated with XRD pattern
analysis (Fig. 2c). Characteristic peaks of OCP (Joint Com.iiee for Powder Diffraction Studies,
JCPDS, 44-0778) at a 20 = 4.8°, DCPD (JCPDS 96-007/) at a 20 = 11.7° and HA (JCPDS
24-0033) at a 20 = 32.9° were identified. Prior .~ the hydrothermal reaction, the XRD pattern of
the DCPD sample was detected to confirm ti.» composition. After 20 minutes, both characteristic
peaks of OCP and HA were detected =i *he coating (HA-20min), whereas the intensity of DCPD
was decreased. As for HA-1h, th» DCPD signal completely disappeared, the intensity of OCP
characteristic peaks remarkab: ' wicreased, and the signal of HA emerged. Afterwards, the
characteristic peak of OCP ai a 20 = 4.8° decreased gradually, while the intensity of HA peaks
within the angular region .rom 31° <260 < 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 <uiace and cross-section, (b) EDS results, and (c) XRD

n

spectra of DCPD, HA-2%n.:n, HA-1h, HA-3h, HA-6h, and HA-12h coatings.

In order to investigate thc trar..formation mechanism from DCPD to OCP and HA during the
initial hydrothermal . ~cecs -ig. 3a showed the analysis of the HA-20min cross-section through
the examination of Rlsc (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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coating.
In addition, the b7 dii.> 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
evaluations such as potentiodynamic polarization and electrochemical

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 (lcorr) Were calculated by Tafel fitting, while the pitting
corrosion potential (Epir) was extrapolated from the polarization curves (Table 1). The lco Of the
HF-JDBM, DCPD, and HA-12h sample were 4.17 pA/cm? 3.4> wA/ecm?, and 2.06 pA/cm?,
respectively, indicating a most decelerated corrosion with t=~ !*-12h coating. In the anodic
polarization range, the slope of the HA-12h curve was muc™ sharper than the others, signifying a
most enhanced polarizability and decelerated corrosion =ith the HA-12h coating. Meanwhile,
the E,it of the HF-JDBM and DCPD sample were -1..4V and -1.01V, revealing that the DCPD
coating slightly increased the pitting c’rrocion resistance of JDBM. Moreover, no pitting
potential of HA-12h occurred in the scon range, indicating the pitting corrosion resistance of

JDBM is greatly enhanced by coati~a ¢~rapact hydroxyapatite.

For the characteristic impeiai.ce spectra, Nyquist plots consisting of single capacitive loops
were shown in Fig. 4r, ¢'ong 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; Cr and R; were capacity and
resistance of DCPD or HA-12h coating; CPE, and Ry, represented the magnesium fluoride (MgF,)
layer as a barrier after JDBM fluorination. Cgy referred to the electric double layer capacity

between the MgF, layer and substrate, and R was the charge transfer resistance. Due to the

15



invasion of CI" to the MgF, 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 CPEgy and a R in parallel. The corrosion mechanisms were generally

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

value of HF-JDBM sample was calculated as of 836 Q-cm?, which was increased with the DCPD

coating to 1089 Q-cm?, while the R value of HA-12h reached 3197 Q-cm?, demonstrating the

impeding effect with the DCPD coating and the excellent corrosior . ~sistance of HA-12h coating

on JDBM substrates.

Open Circuit Potential (mV scz) m

-1350 |

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) leorr (HA/cmz) 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. Ecor, lcorr and Epi¢ values of the HF-JDBM, DCPD and HA-.”h samples obtained from

the potentiodynamic polarization curves.

Rs Cs R CPE, il Ry Cal Ret
@em®)  (S-em?sh)  (Q-emd) (S-cri-h (Q-cm?) (S.em?s?)  (Q-emd)
HFJDBM 413 66,100 0.889 414 1.64x10° 836
DCPD 419 1.34x10® 649 3.21x10° 0.646 530 3.25x10° 1083
HA-12h 38.4 6.85x10® .75 3.25x10° 0506 187 5.79x10°® 3197

Table 2. Electrochemica, 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®* release curves.
It was possible to observe within the enlarged view of the plot in the first 7 days that the Mg**

release of the HA-12h further reduced 39.0% of that of DCPD. In the first 14 days post

17



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 sami> showed a steady, and the
slowest release profile with a calculated corrosion rate of 0.02% n.»/year during the whole period,
which represented a considerable enhancement of corrosio. -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 a-MEM ("n: 2sused as 7.60), while the extract of HF-JDBM was the
most alkaline with a pH of 7.77 8.0+ (Fig. 5c). Intriguingly, the pH change of DCPD extract
displayed a biphasic profile, w.icii slightly increased to 7.74 in the first 3 days, followed by a
gradual decrease to 7.40 ('ntil Jay 7, which afterwards elevated to 8.03 in the end. The osmolality

values in the sample extr=_ts 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®* concentration of HF-JDBM appeared below that of
a-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 a-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 P; 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.
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Figure 5. (a) Cumulative Mg** release, (b) calculated corrosion rate, (c) pH value, (d) osmolality,
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(e) Ca®* concentration, and (f) P; concentration of the extracts of HF-JDBM, DCPD and HA-12h

in a-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 appearence, and the DCPD displayed
fissures and flower-like crystals with some defects and crars nccasionally found. On the
contrary, in the cross-section view, the thickness of the HA. 12h coating increased to 32-85 pm,
while no crack or defect was observed on the surface, ir ip,ing the induction of in-situ growth of
HA in the medium. The HF-JDBM showed a degr2dacion product layer of 15-20 um thick, and
corrosion pits penetrating the substrate were Chserved in the DCPD. According to the EDS
results, high intensities of Ca and P signals ¢ - the three samples were all detected, with signal of
Mg substrate decreased. The ratios 1 “a®> of HF-JDBM, DCPD, and HA-12h samples were
0.88 £ 0.06, 1.46 + 0.10, and 1.6 = 0.07, respectively, which were much closer to the
stoichiometric Ca/P ratio of hyu oxyapatite (1.67), indicating the self-induced growth capacity of

HA in the culture mediur..
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cross-section EDS results

Element | Weight% Atomic%
OK 26.32 36.89
FK 25.25 29.79
MgK 15.65 14.43

PK 13.39 9.69
CaK 1531 8.56
NdL 4.07 0.63

HF-JDBM

Element | Weight% Atomic%
OK 53.49 71.51
MgK 395 348
PK 14.73 10.17
CaK 27.82 14.85

Element | Weight% Atomic%
OK 45.58 65.43
MgK | 136 128
PK 17.11 12.69
CaK 35.96 20.6

Figure 6. SEM surface and cross-section micrographs, «,a DS results of HF-JDBM, DCPD

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

3.3 Effects of extracts on cell viability

The viability of MC3T3-E1 cells incuhate 1 with sample extracts was tested with CCK-8 assay.
In Fig. 7a, MC3T3-E1 cells cultured i the presence of the extracts of all the groups revealed
remarkable cell growth after C da s, as indicated by the increment of OD values. Cells exposed
to the extract from DCPC ai.1 HA-1h showed a significantly higher cell proliferation in terms of
mitochondrial activity in somparison 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 contrux aroup showed typical and
widespread morphology with clear dorsal stress fibers. Cells 2~ «:z HF-JDBM exhibited similar
morphologies to those on the control but appeared smallei, whereas the MC3T3-EL1 cells on the
DCPD and HA-1h samples showed an elongated shape. v.*in attachment to the edge of the grains.
On the HA-3h and HA-12h groups, the cells he~um: polygonal-shaped, with the presence of
filopodia and well-formed cell-cell adhes’ans 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-EL1 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-EL1 in control, HA-3h,
and HA-12h were similar after 7 days of incubation. After 14 da,~. the ALP values of HA-1h,
HA-3h, and HA-12h were appreciably higher than that of the c~nt.ol group by 50.5%, 17.6%,
29.7%, implying promoted osteogenic differentiation of M::>315-E1 cells. Notably, cells cultured
in the presence of the DCPD group appeared slightly lo.er ALP activity than the control, while

cells in the HF-JDBM barely expressed ALP activ t.
4. Discussion
4.1 Mechanism of the HA formatioii 1r ,cess

The heterogeneous nucleatich ¥ DCPD was initiated upon the degradation of the JDBM
substrate, where local wn au 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®* + HPO, + 2H,0 —  CaHPO,-2H,0 (s) + H* (3)
Mg +2H" —  Mg™ + Hz (9) 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):

6CaHPO,4-2H,0 (S) + 2[(C10H12N208)Ca]2' + 40H — Cag(HPO4)2(PO4)4'5H20 (S) + 11H,0 +

2(C10H12N,0g)* (%)

The mechanism of the initial conversion of DCPD coating w.< studied by the analysis of
HA-20min. The cross-section of HA-20min was separated into tv. 2 'ayers of coexistence of three
phases, the outermost layer of OCP and HA and the inner ~f reinaining 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 findii s [ L4], it is thus most probably attributable to

a continuous process of local dissolution ar.d re precipitation mechanism.
Afterwards, OCP transformed gradi:'ly :nto HA following the reaction:

Cag(HPO4)2(P0O4)4-5H,0 (s) + ?E(L;leNzOg)Ca]z_ + 40H —  Cayp(PO4)s(OH), (s) + 7TH,0 +

2(C10H12N20g)* (6)
Thus the overall reactio 1 can be presented as below:

6CaHPQO,4-2H,0 (s) + 4[(C10H12N208)Ca]2' + 80H — Cayp(PO4)s(OH), () + 18H,0 +

4(C1oH1oN,0g)* (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[(C10H12N,0g)Ca]* + 6PO4> + 20H —  Cayo(PO4)s(OH); (S) + 10(C1oH12N,0g)* (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 cnaunn surface increases because of
the Mg degradation (eg. 1), supplying OH" ions to acceleite u:e nucleation and growth of OCP
and HA. Furthermore, as the calcium element is one of «>2 .ndispensable reagent, and the P; ions
are buffer agents to form a uniform coating by n'2.ntiining 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 « chelate of calcium with hypotoxicity and high solubility
up to 1.2 M in aqueous solution af ro»n temperature, which has higher Kg, than inorganic Ca
salts. Additionally, Ca-EDTA rov.des a wide pH range for the synthesis of OCP and HA
coatings, compared to other ~al;ium chelate compounds such as calcium lactate and calcium
gluconate [26]. In agrec e 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 ‘C, 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 MgF, was first produced by exposing JDBM to hydrofluoric acid [29]. MgF,
layer acted as a barrier initially to slow down the corrosion rate; however, it can be dissolved
gradually in CI" containing solution, causing defects in the coating and weakening the protective

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

MgF; (s) —2— Mg*" + 2F (9)

Based on the immersion results and the surface characte:i7a.on in Fig. 5, and Fig. 6, the
HF-JDBM samples in a-MEM released Mg?* consistentlv " a constant rate, and the total amount
of Mg®* was the highest among three coating groups a:"=r 28 days of immersion. The highly
cracked surface morphology further revealec *s .imited protection against Mg substrate
corrosion. In the EDS analysis, the general-on uf Ca, P, and O elements verified the deposition of
CaP compounds during degradation. The short-term protection ability of MgF, was previously
proved by the results of J Zhang a~1 ¢~vorkers that MgF, lost its protection capability after 10

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

Thereby, a DCPD roa.ing wvas designed to improve the corrosion resistance by impeding the
water diffusion and i~ 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?* released was suppressed by DCPD coating. However, the

high solubility of the DCPD led to the deprotonation following the reaction (eg. 10 and eq. 11):
CaHPO,-2H,0 (s) — Ca’* + HPO,* + 2H,0 (10)

HPO, & H" + PO, (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?*
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 medw.™. As reported in previous
works in our group, the Ca/P ratio of DCPD was meas::~u coout 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 ni DCPD coating with the dense structure was
designed to generate HA coatings with unch.nged compact topography in micro-scale to protect
Mg alloys in long-term degradatior. The performance of the HA coating with no internal
crack/defect and increased thickr.ss v.as attributable to the self-induced growth capacity of the
coating in medium to well mantain the coating integrity as an effective barrier layer. In the
electrochemical test, the ‘ena :ncy of pitting corrosion was obviously inhibited by hydrothermal
treatment, clearly indicati ig 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 mml/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** + 6PO,> + 20H —  Cayg(PO4)s(OH), (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 factc.< simultaneously exerted an

essential impact on cell behaviors including cell adhesion, prolife-ation, and differentiation.

According to the cell proliferation results, MC3T3-Ex 22ans in the DCPD and HA-1h extracts
exhibited a higher proliferation rate than those in con’sol, v/hile the HF-JDBM group expressed
slightly lower cell activity than the control grup uuring 3 days culture (Fig. 7a). This result
could be correlated to the in vitro degradau - tests, where the concentration of Mg®*, pH value
and osmolality in the extracts were cerciaced as the predominant factors on cell viability. They
were modulated to various extents bosed on the chemical property of the coating materials in
3-day immersion but controlled be'ow 360 ppm of Mg?* concentration, 7.4-7.8 of pH value and
300-500 mOsmol/kg of osn.olality, which were critical doses without inhibiting MC3T3-E1
growth, as documented in previous work [33]. Furthermore, MC3T3-EL1 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®* rose because of the hydrolysis
of DCPD (Fig. 4). It was previously reported that the increase of extracellular Ca** concentration
was beneficial to cell survival and proliferation through the calcium-sensing receptor (CaR) [34].
The minimum Ca®* concentration for maintaining cellular activity was about 1.8 mM, similar to

that supplied in a-MEM, and lower Ca*" 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 ag.'nst Mg corrosion, and their
similarity to the mineral component of bones. On day 3, poc- cer proliferation was found on the
HF-JDBM sample. For all of the hydrothermally tected samples, the number of cells
significantly increased during 3 days culture, whil2 it was slightly inferior to that of the DCPD
and control group. This result might be correla.>d with the decrease of [Ca?*] within three days
of immersion, as mentioned above. It was v ind that lowering the [Ca*"] to 20 ppm suppressed
osteoblast proliferation in previous “wv (36, 37]. Details on cell-material interactions were
further carefully analyzed with f!*'oreszence staining and SEM. Cells on the DCPD and HA-1h
exhibited elongated shape, wi.» aitachment to the edge of the grains. On the contrary, cells
cultured on the HA-3h nd HA-12h samples appeared well-spread shape, with a number of
filopodia visible. Anothe. 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 (P;) ions, similar as Z~i et al. reported previously
[42]. Additionally, we found the cells cultured in the HF-J2R.." group had no differentiation
capacity, which was most probably attributed to the over-high pH and released Mg
concentration [43]. Collectively, among the three differai.* yroups under investigation, HA-based
coatings provide a most favorable interfacial ensi.<nr.ent for the Mg matrix to improve in vitro
osteoinductivity properties, which was corelated with its chemical and morphological
characteristics, and controlled degradatiu for Mg as well. A schematic illustration was proposed
to summarize the coating formati~n, legradation process, and accordingly the effects on the

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

morphology of HF-JDB:.i, 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 MgF;
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 corrosicn resistance and favorable
biocompatibility, showing great potential for a variety cf wmporary 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 imp: ove in vitro osteoinductivity.
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