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Abstract: Magnesium alloys with coatings have the potential to be used for bone substitute alter-
natives since their mechanical properties are close to those of human bone. However, the surface
modification of magnesium alloys to increase the surface biocompatibility and reduce the degradation
rate remains a challenge. Here, FHA-Mg scaffolds were made of magnesium alloys and coated with
fluorohydroxyapatite (FHA). Human mesenchymal stem cells (hMSCs) were cultured on FHA-Mg
scaffolds and cell viability, proliferation, and osteogenic differentiation were investigated. The results
showed that FHA-Mg scaffolds display a nano-scaled needle-like structure of aggregated crystallites
on their surface. The average Mg2+ concentration in the conditioned media collected from FHA-Mg
scaffolds (5.8–7.6 mM) is much lower than those collected from uncoated, Mg(OH)2-coated, and
hydroxyapatite (HA)-coated samples (32.1, 17.7, and 21.1 mM, respectively). In addition, compared
with hMSCs cultured on a culture dish, cells cultured on FHA-Mg scaffolds demonstrated better pro-
liferation and comparable osteogenic differentiation. To eliminate the effect of osteogenic induction
medium, hMSCs were cultured on FHA-Mg scaffolds in culture medium and an approximate 66%
increase in osteogenic differentiation was observed three weeks later, indicating a significant effect of
the nanostructured surface of FHA-Mg scaffolds on hMSC behaviors. With controllable Mg2+ release
and favorable mechanical properties, porous FHA-Mg scaffolds have a great potential in cell-based
bone regeneration.

Keywords: magnesium; biodegradation; fluorohydroxyapatite; human mesenchymal stem cell; bone
tissue engineering

1. Introduction

Autologous bone grafting is a common approach to replace missing bone or to repair
bone fractures. However, the clinical use of autologous bone grafting is constrained by
size limitations and donor site morbidity. Artificial bone tissue is therefore desired to
be used as a permanent implantation [1]. Bone tissue engineering involves the use of
cells, biochemical factors, and scaffolds to provide the structure to support recovery and
regeneration time [2,3]. In the use of orthopedic implants, Mg and its alloys have caught
our attention because they are biodegradable and can enhance new bone formation while
maintaining desired mechanical properties during bone recovery [4,5].

The Young’s moduli of Mg-based alloys (41–45 GPa) are comparable to those of
human bone (10–40 GPa) when compared with the Young’s moduli of commercially used
Ti-based alloys or stainless steel [6]. Over the last decade, Mg and several Mg-based
alloys, such as Mg-Al-Zn, LAE442, WE43, and Mg-Zn alloys, have been investigated and
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developed as different components for biodegradable metallic materials [4,7–10]. Surface
modification technologies have been applied to construct multi-functional surfaces of
metallic biomaterials [11,12], which exhibit excellent biocompatibility and bioactivity and
can be used as bone substitutes in the form of particles, blocks, and coatings [12–15]. For
example, the pore size and porosity of Mg scaffolds with controllable microstructures
promote osteoblast proliferation and differentiation [16]. The increase in the surface
roughness of hydroxyapatite (HA) coating enhances the specific adsorption of serum
proteins and further increases human bone marrow cell adhesion and proliferation [17,18].
In addition, porous HA-coated metals have been shown to enhance cell viability and
degrade much slower than those that are uncoated [19].

Another advantage of using Mg-based scaffolds for tissue engineering is their subse-
quent degradation and Mg2+ release during the formation of new tissues [6,20]. Of impor-
tance is the fact that Mg-based scaffolds can be fully degraded after tissue regeneration,
which satisfies the increasing demand for better biomedical devices and functional biomate-
rials in tissue engineering [21]. However, Mg-based implants with the desired degradation
rates remain a challenge because they are chemically active in physiological environments.
It has been reported that both low and high magnesium concentrations have harmful
effects on bones, while moderate magnesium concentrations are able to support the healing
process of diseased or damaged tissues [22,23]. Mg2+ can improve bone mineral density
and bone fragility [24,25]. A lack of Mg2+ influences all stages of skeletal metabolism, re-
tards the bone growth, and results in osteoporosis [26,27]. A high Mg2+ concentration leads
to mineralization defects which are possibly due to the partial substitution of Ca element
by Mg within the crystal structure of HA [28]. A slower release of Mg2+ from scaffolds
can contribute to bone regeneration in vivo [29,30], whereas a hyper-physiological level
of Mg2+ concentration inhibits extracellular matrix formation and supports chondrocyte
proliferation [31].

Since the concentration of Mg2+ ions may influence bone remodeling and/or cause cy-
totoxicity [32,33], a controllable and protective coating is particularly needed for regulating
the degradation rate of Mg alloys [29,34]. Moreover, a surface coating may also help to pre-
vent the unwarranted overload of released hydrogen bubbles in human metabolism while
maintaining the mechanical integrity of the implants, allowing them to remain intact before
the adequate restoration of new tissues. Calcium phosphate (CaP) coatings, such as dical-
cium phosphate dihydrate (DCPD), tricalcium phosphate (TCP), and hydroxyapatite (HA),
have been suggested as a means to control the degradation rates of biodegradable mag-
nesium and its alloy [12,35]. These CaP coatings demonstrate excellent biocompatibility
and osteoconduction since Ca and P are the main elements in bone minerals. In particu-
lar, HA has a chemical and structural resemblance to natural bone and has been widely
used as the coating material for orthopedic and dental endosseous implants. However,
HA coatings on the surface of Mg alloy suffer from a relatively high dissolution rate in
bodily fluids, which decreases the long-term stability of the implants [36,37]. Recently, the
incorporation of fluorine into HA (FHA: Ca10(PO4)6(OH)2–xFx) has been demonstrated
to effectively decrease the dissolution rate [13,38–42]. It was reported that FHA coatings
enhance osteoblastic proliferation and osteogenic differentiation [43]. Furthermore, in vivo
experiments showed that FHA has an inhibited effect on osteoclastic activity and sup-
presses bone absorption [44]. Thus, fluoridated hydroxyapatite holds great potential for
the functional coating of biodegradable magnesium implants [45].

Despite the fact that several FHA synthesis techniques, such as precipitation, hydrol-
ysis, hydrothermal, sol–gel, and electrodeposition methods, have been developed, there
remain many critical factors to be explored in this field [15,46]. Previously, we applied
a hydrothermal synthesizing process to deposit uniform fluorine-substituted HA (FHA)
coatings on the Mg-8.5Al-0.5Zn (AZ80) Mg alloy [13]. This coating was composed of a
200 µm Mg(OH)2 intermediate layer and a 50 µm HA/FHA top coat. Needle-like crystals
formed on the surface of the FHA coating after synthesis. The analyzed results showed
that fluorine ions were successfully substituted into the HA crystal structure and the cor-
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rosion resistance of AZ80 in Kokubo’s simulated body fluid was effectively improved.
Compared with the HA coating, the higher corrosion resistance of FHA coatings results
from its smaller Ca/P ratio and dense microstructure [13]. In this study, a hydrothermal
synthesis technique was applied to coat an FHA nanocomposite on AZ91 Mg alloys and
their porosity, surface roughness, and corrosion characteristics were examined. Human
mesenchymal stem cells (hMSCs) were used to investigate the effects of the FHA coating on
cell viability, proliferation, and osteogenic differentiation. Our ultimate goal is to elucidate
the possible use of FHA-Mg materials for cell-based bone regeneration and further medical
application [46].

2. Materials and Methods

2.1. Surface Coating of Mg-Based Scaffolds and Collection of Mg2+ Conditioned Media

The base metal used in this study was a 3 mm thick Mg-Al-Zn sheet with a chemical
composition of 8.8 Al, 0.7 Zn, 0.22 Mn, 0.02 Si, and Mg balance (in wt.%, named AZ91,
Pinda Technology Co., Ltd., Taiwan), which was determined by inductively coupled
plasma–atomic emission spectrometry (ICP/AES). These specimens with dimensions of 10
(L) × 10 (W) × 3 (T) mm3 were prepared as substrates for the hydrothermal synthesis of
surface coatings. Analytical grade dicalcium phosphate dehydrate (DCPD, CaHPO4·2H2O),
calcium hydroxide (Ca(OH)2), and hexafluorophosphoric acid (~55 wt.% HPF6 in H2O,
Sigma-Aldrich) were used as reactants. First, a suspension containing powdered mixtures
of DCPD and Ca(OH)2 with deionized water was prepared. The aqueous solution with
a controlled Ca/P molar ratio of 1.67 was used for hydrothermally synthesizing HA
coatings on the AZ91 substrates, and these specimens were denoted by “HA-Mg”. As
for the fabrication of fluorine-substituted HA (fluorohydroxyapatite, FHA) coatings, the
substitution content of F¯ ions instead of OH¯ groups was determined by the x value
in the formula of Ca10(PO4)6(OH)2–xFx [47]. Next, 3 M of HPF6 was added into the
DCPD/Ca(OH)2 mixture to obtain an aqueous solution, where the Ca/P molar ratio
was also controlled as 1.67. The hydrothermally synthesized FHA-coated specimens
were labeled as “FHA-Mg”. The final mixed solutions with a pH of 12 were used as the
reagents for hydrothermally synthesizing HA and FHA coatings on the AZ91 Mg alloy. The
chemical composition of the hydrothermally synthesized FHA coating is Ca10(PO4)6(OH)F,
which is the optimal condition based on our previous study [13]. The surface coating of
Mg(OH)2 was also synthesized on the AZ91 alloy at 175 ◦C by the hydrothermal method.
Both HA and FHA solutions of 300 mL were poured into the autoclave. Next, AZ91
substrates were directly immersed in the deionized water, and the autoclave was heated
to hydrothermal temperature. These specimens were labeled as “Mg(OH)2-Mg”. The
hydrothermal synthesis process for the abovementioned HA-Mg, FHA-Mg, and Mg(OH)2-
Mg coatings was performed at 175 ◦C and held for 2 h in a hermetical autoclave (Parr 4621).
Conditioned culture and differentiation media were prepared with Mg-based scaffolds
incubated in culture media and in osteogenic induction media, respectively, at a weight
ratio of 0.2 g/mL, according to EN ISO standards ISO 10993-5 and 10993-12 [48,49]. For
all the FHA-Mg, HA-Mg, Mg(OH)2-Mg, and uncoated Mg scaffolds, each 1 g of sample
was placed in a 6-well plate with 5 mL of culture/differentiation medium in the well and
incubated in a 5% CO2 incubator at 37 ◦C. The immersed conditioned medium was collected
and replaced with 5 mL of fresh medium every 3 days. Conditioned medium was collected
in this way for 30 days from each sample incubation, filtered through a 0.22 µm membrane,
and labeled (Table 1). The Mg2+ concentration and pH value of each conditioned medium
were analyzed with ICP-AES and a pH meter (JENCO Electronics 6173 pH).
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Table 1. Collection time period of Mg2+ conditioned media from Mg-based scaffolds.

Days 0–3 4–6 7–9 10–12 13–15 16–18 19–21 22–24 25–27 28–30

Uncoated Mg conditioned medium A B C D E F G H I J
Mg(OH)2-Mg conditioned medium A B C D E F G H I J

HA-Mg conditioned medium A B C D E F G H I J
FHA-Mg conditioned medium A B C D E F G H I J

2.2. Surface Roughness of Mg-Based Scaffold

The surface roughness of the coating was evaluated using a profilometer (Surfcorder
SE1200, Kosaka). Specimens were cross-sectioned with a low-speed diamond saw and
mounted in epoxy resin. The mounted specimens were carefully ground and polished
to avoid inducing extra pores and cracks. The porosity content (in volume %) of the
coating was then quantitatively analyzed using an optical microscope equipped with OP-
TIMAS 6.1 image-analyzing software (Optimas Corporation, Bothell, WA, USA). Basically,
a 100 square millimeter area was selected on the coating, and the image was taken and
analyzed. The same procedure was repeated at 3 random locations to obtain the average
porosity percentage.

2.3. Cell Culture

Human mesenchymal stem cells (hMSCs) isolated from Wharton’s jelly of the um-
bilical cord were purchased from the Bioresource Collection and Research Center (BCRC,
No. RM60596), Hsinchu, Taiwan. Cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen, CA, USA) supplemented with 2% fetal bovine serum (Thermo),
epidermal growth factor (PeproTech), platelet-derived growth factor (PeproTech), dexam-
ethasone (Sigma), and L-ascorbic acid-2-phosphate (Sigma) under 5% CO2 at 37 ◦C. Only
hMSCs passaged 7–10 were used in our experiments. Before inoculating cells, Mg-based
scaffolds were immersed in culture medium for 9 days to remove the large amount of
initially released Mg2+ ions. Following that, approximately 4 × 105 hMSCs were seeded
onto each Mg-based scaffold, which was placed in a 12-well polystyrene plate, and stored at
37 ◦C in a humidified incubator with 5% CO2. To induce osteogenic differentiation, hMSCs
were treated with osteogenic induction medium for 21 days and the medium was changed
every 3 days. The osteogenic induction medium was Dulbecco’s Modified Eagle Medium
(DMEM) (Invitrogen, Carisbad, CA, USA) supplemented with 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, Waltham, MA, USA), 0.1 µM of dexamethasone (Sigma-Aldrich,
St. Louis, MO, USA), 50 µM of L-ascorbic acid-2-phosphate (Sigma-Aldrich, St. Louis, MO,
USA), and 10 mM of β-glycerophosphate disodium (Sigma-Aldrich, USA).

2.4. Scanning Electronic Microscopy (SEM)

The surface morphologies of Mg(OH)2, HA, and FHA scaffolds were examined by
scanning electron microscopy (SEM, HR FESEM, JSM-7600F, JEOL, Japan). Cells cultured
on Mg-based scaffolds were rinsed with phosphate buffer and then fixed in 2.5% glu-
taraldehyde for 2 h at room temperature. After being rinsed with phosphate buffer, humid
Mg-based scaffolds were dehydrated with serial concentrations of ethanol, at 50%, 70%,
90%, and 95%, for 10 min each and finally with 100% ethanol for 10 min three times. By
using the critical point dryer (CPD) (PVT-3B, Tousimis, Rockville, MD, USA), the ethanol
was replaced with liquid CO2 and the chamber was sealed and heated until the critical
point of CO2. Dehydrated samples were fixed on standard SEM copper stubs by carbon
tapes, sputter-coated with gold, and then examined by SEM.

2.5. Cell Viability and Proliferation Assays

Cell viability in Mg2+ conditioned media was evaluated by 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. First, 3 × 103 cells were seeded onto
each well of the 96-well plates in hMSC culture medium. After cells attached, the medium
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was changed to Mg2+ conditioned culture medium and the cells were cultured in the
conditioned medium for 2 days. Subsequently, 200 µL of the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) working solution were added into each well and
incubated for 4 h. The absorbance of the converted dye was measured at a fixed emission
wavelength of 570 nm in an enzyme-linked immunosorbent assay (ELISA) reader (Tecan,
Sunrise). Relative cell viability was evaluated by the optical density (OD) value of each
sample and compared with the control. For cell viability assessment, experiments were
repeated 3 times with 8 replicates (n = 8) in conditioned media A to J (Table 1) collected
from different Mg-based scaffolds. Cell proliferation in FHA-Mg conditioned media was
evaluated by an alamarBlue assay (Invitrogen). After cells attached, the complete culture
medium was changed to conditioned culture medium. At each culturing stage (days 1, 3,
and 5), 10% alamarBlue solution was added into wells and incubated at 37 ◦C for 6 h. Next,
150 µL sample solution were transferred to 96-well plates to measure the absorbance at an
OD of 570/600 nm.

2.6. Cell Differentiation Assay

To quantify osteogenic differentiation of hMSCs, alkaline phosphatase (ALP) activity
was assessed using an ALP activity colorimetric assay kit (BioVision, Milpitas, CA, USA). In
the ALP assay, 50 µL of 5 mM p-nitrophenyl phosphate (pNPP) as a phosphatase substrate
were added into each well containing 80 µL of the culture supernatant. The reaction was
at room temperature for 1 h in the dark. To test both sample and background controls,
the reaction was stopped by adding 20 µL of 0.2 N NaOH and OD was measured at 405
nm in a microplate reader. The osteogenic differentiation of hMSCs cultured on FHA-Mg
scaffolds and culture dishes in the presence of osteogenic induction medium or complete
culture medium was compared at days 0, 7, 14, and 21.

2.7. Quantitative Polymerase Chain Reaction (qPCR)

The expression of ALP and osteocalcin (OCN) mRNA was determined by qPCR on
day 14. The total cell mRNA obtained from each scaffold (n = 3) was harvested using TRIzol
reagent (Invitrogen Life Technologies). cDNA was transcribed from 1 µg of total RNA,
using the SensiFASTTM cDNA synthesis kit (Bioline, UK) and following the manufacturer’s
protocol. Reactions were performed in a final volume of 20 µL, using 4 µL of buffer and 1 µL
of reverse transcriptase provided by the supplier. The SensiFASTTM SYBR Hi-ROX System
(Bioline, UK) was used for qPCR. One microliter of cDNA was mixed with 10 µL of 2×
SensiFAST SYBR Hi-ROX Mix, 0.8 µL of 10 µM forward primer (400 nM final concentration),
0.8 µL of 10 µM reverse primer (400 nM final concentration), and nuclease-free water to
20 µL. The sequences of primers (Genomics, Taiwan) used are listed in Table 2. A 3-step
cycling was used on a Bio-Rad CFX96 instrument: 1 cycle of 95 ◦C for 2 min to activate
the polymerase, followed by 40 cycles of 95 ◦C for 5 s to denaturation, 65 ◦C for 10 s for
annealing, then 10 s at 72 ◦C for extension. Relative gene expression levels of ALP and
OCN were normalized to the expression of the reference gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Each PCR was duplicated with the same amount of total mRNA.
The relative expression of each target gene was evaluated via the 2−∆∆CT method and
analyzed by ABI StepOne Plus V2.3 Software (Applied Biosystems, Waltham, MA, USA).
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Table 2. Primers used in qPCR to evaluate the osteogenic differentiation of human mesenchymal stem cells (hMSCs).

Gene Size (bp) Sequences (5′ to 3′)

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
forward

71
GAA GGT GAA GGT CGG AGT CAA C

reverse CAG AGT TAA AAG CAG CCC TGG T

Alkaline phosphatase (ALP)
forward

476
ACG TGG CTA AGA ATG TCA TC

reverse CTG GTA GGC GAT GTC CTT A

Osteocalcin (OCN)
forward

315
CAT GAG AGC CCT CAC A

reverse AGA GCG ACA CCC TAG AC

2.8. Statistical Analysis

Statistical analysis was performed using a Student’s t-test. The level of significance was
set at * p < 0.05, ** p < 0.01, and *** p < 0.001. All data are expressed as mean ± standard error.

3. Results
3.1. Structure and Surface Characterization of Hydrothermal Mg-Based Scaffolds

Figure 1 shows the SEM surface microstructures of uncoated Mg scaffolds and hy-
drothermally coated Mg(OH)2-Mg, HA-Mg, and FHA-Mg scaffolds. Figure 1a is a typical
surface morphology of grit-blasted uncoated Mg scaffold with a surface roughness of about
0.09 ± 0.03 µm. It reveals that surface grooves are present on the AZ91 alloy after the
grit-blasting process. After the hydrothermal synthesis process, Mg(OH)2-Mg, HA-Mg,
and FHA-Mg scaffolds display different surface morphologies, as illustrated in Figure
1c,e,g. It is worth noting that nano-scaled needle-like aggregated crystals are observed on
the surface of the FHA-Mg scaffold (Figure 1g). The formation and detail clarification of
FHA-Mg surface features have been described in our previous study [13]. After incubation
in culture medium for several days, a large amount of columnar calcium phosphate com-
pounds (as indicated by the arrow in Figure 1b) is observed on the grit-blasted uncoated
Mg scaffold. This corrosion process probably involved the release of hydrogen and envi-
ronmental alkalinization, leading to the formation of corrosion products such as MgO and
Mg(OH)2. However, the differences in the surface morphologies of Mg(OH) 2-Mg, HA-Mg,
and FHA-Mg scaffolds are unapparent (Figure 1d,f,h). Table 3 lists the measured surface
roughness, porosity, and pore size of the four specimens. Coated FHA-Mg scaffolds with a
nano-scaled needle-like aggregated microstructure display the smallest surface roughness.
Since the average diameter of hMSCs is about 18–30 µm [50], the hydrothermally coated
Mg-based scaffolds can offer adequate pore size to support cell ingrowth.

Table 3. Porosity and surface roughness of the uncoated and hydrothermally coated Mg-based scaffolds.

Uncoated Mg Scaffold Mg(OH)2-Mg Scaffold HA-Mg Scaffold FHA-Mg Scaffold

Pore size (µm) N/A 48.5 ± 1.6 45.6 ± 1.0 61.3 ± 0.6
Porosity (vol.%) N/A 18.4 ± 1.6 13.1 ± 0.9 8.5 ± 0.5
Roughness (µm) 0.09 ± 0.03 9.46 ± 0.92 8.30 ± 1.74 4.12 ± 0.68
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Figure 1. Surface morphologies of the uncoated Mg scaffold (a) before incubation (3000× magni-
fication) and (b) after incubation (100× magnification). Surface morphologies of hydrothermally
coated (c) Mg(OH)2-Mg, (e) HA-Mg, and (g) FHA-Mg scaffolds before incubation and (d,f,h) after
incubation for 9 days.

3.2. The Release of Mg2+ Ions

Figure 2 illustrates the variation of Mg2+ concentrations and pH values of the Mg2+

conditioned media A–J. The degradation rates, represented by the Mg2+ concentrations in
conditioned media, of uncoated Mg, Mg(OH)2-Mg, HA-Mg, and FHA-Mg scaffolds were
evaluated by collections once every 3 days for 30 days. The pH values of all the collected
Mg2+ conditioned media are between 7.96 and 8.49, as shown in Figure 2b. Regarding
the released Mg2+ concentration (see Figure 2a), the average Mg2+ concentration of un-
coated Mg (AZ91) conditioned media is 32.1 mM (ranging between 28.0 and 41.4 mM).
As for the hydrothermally coated Mg-based scaffolds, the average Mg2+ concentrations of
Mg(OH)2-Mg, HA-Mg, and FHA-Mg conditioned media are about 17.7 mM (15.0–20.2 mM),
21.1 mM (11.5–24.7 mM), and 7.6 mM (5.7–8.7 mM), respectively. It is observed that Mg2+
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ions leached from the FHA-Mg scaffolds are significantly reduced compared to the un-
coated Mg, Mg(OH)2-Mg, and HA-Mg scaffolds (p < 0.001). Particularly, the FHA coating
displays a good control of the Mg2+ ion release and the accumulated Mg2+ concentration
after a three-day incubation of the sample is only 7.6 mM. Whilea high degradation rate
and unstable pH value are observed in conditioned media (A–C) initially collected from
uncoated and coated Mg scaffolds, both values become stable starting from the collection of
conditioned medium D, which is after a 9-day sample incubation.

Figure 2. (a) The concentrations of released Mg2+ ions. Values shown are mean ± standard error (n = 3). *** p < 0.001
between FHA-Mg group and each of the other three groups. (b) The pH values of different Mg2+ conditioned media.

3.3. Effect of Released Mg2+ ions on Cell Viability

In order to investigate if hMSCs can survive in the chemical environment of degra-
dation products, we examined the viability of hMSCs cultured in conditioned media A–J
collected from the incubation of uncoated Mg, Mg(OH)2-Mg, HA-Mg, and FHA-Mg scaf-
folds. As determined by the MTT assay, for each alloy sample, the measured cell viability
is relatively low in conditioned media A–C and becomes higher and stable after day 9
(Figure 3, D–J). As expected, hMSCs show the lowest viability when they are cultured
in the conditioned media collected from uncoated Mg incubation (Figure 3). Phase con-
trast images of hMSCs cultured in conditioned media A–C for 2 days concur with the
MTT assay results (Figure 4). In the conditioned medium A of uncoated Mg, almost no
hMSCs are found, but a large number of crystalline needle-like magnesium hydroxide
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(Mg(OH) 2) precipitations are generally observed. These precipitations become gradually
less after a longer incubation of uncoated Mg, as shown in the conditioned media B and C
(Figure 4, left panel). No apparent precipitation of magnesium hydroxide is seen in the
conditioned media collected from the other three Mg-based alloys. Particularly, the cell
viabilities of hMSCs cultured in conditioned media D–J collected from FHA-Mg scaffolds
are significantly higher than those of cells cultured in conditioned media D–J collected
from Mg(OH)2-Mg or HA-Mg scaffolds (p < 0.001). The results shown in Figures 2 and 3
indicate that incubation of Mg-based scaffolds for several days (9 days in this study) can
remove a large amount of initially released Mg2+ ions.

Figure 3. Relative cell number measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay for hMSCs cultured in conditioned media collected at different time points from
uncoated Mg, Mg(OH)2-Mg, HA-Mg, and FHA-Mg scaffolds. Values shown are mean ± standard
error (n = 3).

3.4. hMSC Morphology and Proliferation on FHA-Mg Scaffolds

The cell viability data of hMSCs cultured in Mg2+ conditioned media, as shown in
Figure 3, demonstrate that the hydrothermally synthesized FHA coating effectively reduces
the excessive release of Mg2+ ions, and subsequent experiments, therefore, focus on hMSC
proliferation and osteogenic differentiation on the FHA-Mg scaffold. The typical SEM
images of the hMSCs after a 3-day cultivation on FHA-Mg scaffolds with or without pre-
incubation are shown in Figure 5. Compared with hMSCs cultured on FHA-Mg scaffolds
without pre-incubation (Figure 5a), cells on scaffolds pre-incubated for 7 days or 14 days
displayed better spreading and proliferation rate (Figure 5d–f). As seen in Figure 5f, hMSCs
developed lamellipodia and filopodia which are the main protrusions formed during
mesenchymal migration. The effects of FHA-Mg conditioned media on hMSC proliferation
were examined by an alamarBlue® assay and the results are shown in Figure 6a. Control
cells, which were cultured on culture dish in complete culture medium, displayed an
increase in proliferation with a significant increase at day 5 (p < 0.01). Compared with
the control, cells cultured on a culture dish in conditioned media collected from FHA-Mg
scaffolds showed a similar trend in proliferation, indicating that the extra Mg2+ ions in
FHA-Mg conditioned media hardly inhibit hMSC proliferation. The proliferation of hMSCs
on pre-incubated FHA-Mg scaffolds was further examined to clarify the surface structure
dependence of hMSC proliferation. As shown in Figure 6b, compared with hMSCs cultured
on a culture dish, cells cultured on the FHA-Mg scaffold displayed a higher proliferation
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rate. In addition, the proliferation rate of the FHA-Mg group reached 200% after 9 days
(p < 0.01).

Figure 4. Images of hMSCs cultured for 2 days in conditioned media collected at different time points from uncoated Mg,
Mg(OH)2-Mg, HA-Mg, and FHA-Mg scaffolds.

Figure 5. SEM micrographs of the hMSC morphology cultured on FHA-Mg-based scaffolds (a) without pre-incubation, and
after (b) 3, (c) 5, (d) 7, and (e,f) 14 days of incubation. Image f is an SEM micrograph with higher magnification.



Materials 2021, 14, 441 11 of 18

Figure 6. (a) AlamarBlue® assay of hMSC proliferation on a culture dish in the conditioned media
collected from FHA-Mg scaffolds at sequential time points. hMSCs cultured on a culture dish in
maintenance culture medium were the control group. Values shown are mean± standard error (n = 3).
* p < 0.05, *** p < 0.001 as compared to day 1 of each conditioned medium. (b) hMSC proliferation
on a culture dish (control) and on 9-day pre-incubated FHA-Mg scaffolds in maintenance culture
medium. * p < 0.05, *** p < 0.001 as compared to day 1 within each group; ### p < 0.001 as compared
at different time points between FHA-Mg and control groups.

3.5. Osteogenic Differentiation of hMSCs on FHA-Mg Scaffolds

To identify whether FHA-Mg scaffolds affect the osteogenic differentiation of hM-
SCs, ALP activities of hMSCs under different culture conditions (on a culture dish or
on FHA scaffolds, with or without FHA-Mg conditioned medium, and with or without
osteogenic induction medium) were measured for 0, 7, 14, and 21 days (Figure 7). As
shown in Figure 7a, when cultured on a culture dish (left column group) or FHA-Mg
scaffolds (right column group), the ALP activity of hMSCs under osteogenic induction
significantly increased at day 7 and then dropped slightly at day 14 and day 21 (p < 0.001).
For hMSCs cultured on a culture dish with the conditioned osteogenic induction medium
(middle column group), the average ALP activities at day 7 were approximately 30%
and 20% lower than those of hMSCs cultured with regular osteogenic induction medium
on a culture dish and FHA-Mg scaffolds, respectively. However, at day 21, there were no
significant differences in ALP activity between these three groups. For hMSCs cultured
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on a culture dish in non-induced culture medium (left column group) or conditioned
culture medium (middle column group), no significant differences were found for all
the time points (Figure 7b). The results shown in Figure 7 indicate a harmless effect
of magnesium-rich conditioned medium on osteogenic differentiation. Interestingly,
it is noted that hMSCs cultured on FHA-Mg scaffolds (right column group) in culture
medium without osteogenic induction factors demonstrated a trend of increased ALP
activity with time. To further verify the positive effect of FHA-Mg scaffolds on the os-
teogenic differentiation of hMSCs, as shown in Figure 7, osteoblast gene expression (ALP
and OCN) was also investigated by qPCR analysis 0, 3, 7, and 14 days after osteogenic
induction. The analysis data are presented in Figure 8. An approximately seven-fold
increase in the expression of ALP was observed at day 3. In addition, for OCN, an
approximately twenty-fold and higher increase in the expression at day 3 and day 7
was observed (p < 0.001). Taken together, the results obtained from the ALP assay and
qPCR suggest that FHA-Mg scaffolds have potential as a guided differentiation tool for
directing hMSCs into osteoblast-like cells.

Figure 7. Alkaline phosphatase (ALP) activity of hMSCs cultured on culture dishes (left and middle
column groups) and FHA-Mg scaffolds (right column group) in (a) osteogenic induction media and
(b) culture media at 0, 7, 14, and 21 days. The relative ALP activities under various conditions were
normalized to that at day 0. Conditioned differentiation or culture media used in this experiment
were collected from the FHA-Mg sample incubation in constantly replenished fresh media once every
3 days over a 21-day period. Values shown are mean ± standard error (n = 3). * p < 0.05, ** p < 0.01,
*** p < 0.001 as compared to day 0. N.S.: no significant difference between groups at day 21.
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Figure 8. qPCR analysis of osteogenic (ALP and OCN) gene expression in hMSCs cultured on
FHA-Mg scaffolds under osteogenic differentiation for 0, 3, 7, and 14 days. Relative gene expression
indicates fold change of gene expression in comparison with that of undifferentiated hMSCs at day 0.
All data are expressed as mean ± standard deviation (SD). Values shown are mean ± standard error
(n = 3). ** p < 0.01, *** p < 0.001 as compared to day 0.

4. Discussion

In general, the surface modification of Mg-based alloys is aimed at reducing the
degradation rate, maintaining mechanical strength, and providing good surface biocom-
patibility [14,15,29]. In this study, three biodegradable Mg-based scaffolds, Mg(OH)2-Mg,
HA-Mg, and FHA-Mg, were fabricated and evaluated for their porosity, surface roughness,
and degradation rate. Related research indicated that the Mg-based scaffold with a calcium
phosphate (CaP) surface coating has low porosity [16], and its pore size is accessible for
tissue engineering because the average diameter of hMSCs is about 18–30 µm. We have
previously demonstrated that the FHA-Mg scaffold has a more compact structure than
Mg(OH)2-Mg and HA-Mg scaffolds [13]. Among these samples, while the overall pore size,
porosity, and surface roughness of Mg(OH)2-Mg and HA-Mg were not significantly differ-
ent, FHA-Mg displayed the largest pore size but lowest porosity and surface roughness
(Figure 1 and Table 3). Previous studies done by Witte et al. indicate that Mg-based im-
plants can be used for the replacement of subchondral bone plates [5,51]. The advantages
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of Mg implants for osseous growth have been validated in various clinical indication-
orientated animal models. However, unlike bioinert, non-degradable implant materials
such as titanium and stainless steel, the initially high degradation rate of Mg implants
imposes restrictions on osseous growth [52,53].

In the present study, the severe degradation rate of magnesium was reduced and
the release of Mg2+ ions was effectively controlled by using an optimal protective surface
layer of the hydrothermal FHA coating deposited on the Mg-based scaffold [13]. Because
the degradation rate determination by weight loss may also count the weight loss of the
coating, the released Mg2+ concentration and pH value were measured. Based on the
ICP-AES analysis, the FHA-Mg sample displayed the lowest degradation rate compared
to the uncoated Mg, Mg(OH)2-Mg, and HA-Mg samples (Figure 2). The decrease in the
degradation rate by the deposition of the hydrothermal FHA coating could be related to the
substitution of F− ions which significantly increase coating density as an effective protective
layer and lead to high crystallinity and reduction in the amount of porosity [36,39,40,54].
This result is consistent with a previous investigation of different apatite coatings on Mg-
Zn alloy, which showed that these coatings decreased the corrosion rate of Mg-Zn alloy,
leading to less change in the pH value and Mg2+ release [37,38,43].

The in vitro viability of hMSCs cultured in conditioned culture medium was deter-
mined by an MTT assay and microscope observation. As shown in Figure 3, for uncoated
Mg, Mg(OH)2-Mg, and HA-Mg conditioned media collected from day 9 (labeled as C) to
day 30 (labeled as J), the relative cell numbers were approximately 50%, 70%, and 70%,
respectively, significantly lower than the FHA-Mg group (~120%) (p < 0.001). This cytotoxic
effect is mainly due to the high Mg2+ concentrations and pH values created by the rapid
degradation rates of Mg-based alloys, except FHA-Mg. As shown in Figure 4, apparently,
hMSCs grown in Mg(OH)2-Mg, HA-Mg, or FHA-Mg conditioned media collected at day
9 (labeled as C) exhibited a larger spreading area and pseudopodia elongation than cells
grown in those media collected at day 3 and day 6 (labeled as A and B). Despite a fairly
static Mg2+ concentration, ~7.6 mM, in FHA-Mg conditioned medium collected at various
time points (Figure 2), hMSCs maintained better viability in conditioned media collected
from day 9 to day 30 than in those collected at day 3 and day 6, indicating a possible
high concentration of calcium and/or phosphate ions released from the dissolved HA
during the early stage of sample immersion. A recent study has shown that Ca2+ and PO4

3-

concentrations equal to or greater than 32 mM and 16 mM, respectively, are cytotoxic for
murine mesenchymal stem cells [55]. Since we focused on cell–material interactions, in
this study, FHA-Mg scaffolds were pre-incubated in constantly replenished fresh culture
medium for 9 days before cell seeding and subsequent in vitro tests. This pretreatment
is presumed to maintain a steady corrosion rate and ion release of the FHA-Mg samples
before their use in vitro or in vivo.

The in vitro biocompatibility of hMSCs in contact with the FHA-Mg scaffolds was
determined by cell attachment and proliferation tests. It is noteworthy that cells attached
and grew very well on the pre-incubated FHA-Mg scaffolds and no obvious toxic effects
were observed (Figures 5 and 6b). The presence of calcium and phosphate on HA and
FHA coating surfaces has been reported to promote protein adsorption and osteoblast
adhesion [12,54,56]. Cells grown on FHA-Mg scaffolds pre-incubated for 7 and 14 days
(Figure 5d,e) exhibited better attachment and higher cell density than on those pre-
incubated for 0, 3, and 5 days (Figure 5a–c). Cells cultured in FHA-Mg conditioned
media collected from day 6 to day 30 displayed similar growth trend to the control
cells which were in the culture medium (Figure 6a) (p < 0.01). This result corresponds
with our viability data which show hMSCs are 90–120% viable in FHA-Mg conditioned
media collected from day 6 to day 30 (Figure 3). Although the Mg2+ concentration
in the FHA-Mg conditioned culture medium (~7.6 mM) is much higher than that in
hMSC culture medium (~1 mM), no harmful effect on hMSC proliferation is observed,
as shown in Figure 6a. Therefore, we demonstrate that pre-incubated FHA-Mg scaffolds
display a suitable physiochemical environment and surface biocompatibility for hMSC
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attachment and proliferation, which is consistent with the lower degradation rate of
FHA-Mg material and higher cell viability observed in FHA-Mg conditioned media
collected at and after day 9, as shown in Figures 2 and 3.

We have also demonstrated in this report that FHA-Mg scaffolds are suitable biomate-
rials for hMSC osteogenic differentiation (determined by ALP assay and qPCR analysis).
It is important to note that, in the culture medium without osteogenic induction factors,
the relative ALP activity of hMSCs cultured on FHA-Mg scaffolds increased approximately
66% over 21 days. (right column group in Figure 7b). Many studies have investigated the
effects of various Mg2+ concentrations on the osteogenic differentiation of MSCs [57,58].
For example, a high extracellular Mg2+ concentration (≥1.3 mM) has been reported to
significantly inhibit extracellular matrix mineralization in human bone marrow-derived
mesenchymal stem cells (hBMSCs) [59,60]. On the contrary, Yoshizawa et al. reported that
compared with the hBMSCs cultured in medium containing 0.8 mM MgSO4, a higher cell
proliferation rate and extracellular mineralization were induced by 5–10 mM MgSO4 [25].
Different conclusions between these studies might be attributed to different sources of
magnesium ions, cell types, and cell culture conditions. Future studies are needed to
identify the optimal Mg2+ conditions for promoting osteogenic differentiation and another
for the cell motility of hMSCs. As seen in Figure 7, since the existence of 5.8–7.6 mM
Mg2+ in FHA-Mg conditioned media has no harmful effect on osteogenic differentiation,
the FHA coating with nano-scaled needle-like surface features may play a functional role
in osteogenic differentiation. Based on this observation, one can expect a feasible use of
FHA-Mg scaffolds in vivo. In vivo experiments, such as the use of magnesium-based alloys
as surgical suture anchors for bone repair, are carried out in our lab. The degradability
and biocompatibility of the Mg-based scaffolds during the process of bone repair are ex-
amined. The results will enhance our understanding of the detailed nature of Mg-based
scaffolds under in vivo conditions and elucidate the possible use of these materials for
bone tissue engineering.

5. Conclusions

In this study, we demonstrated that FHA-Mg scaffolds display controlled Mg2+ release
and good surface biocompatibility for the in vitro proliferation and osteogenic differentia-
tion of hMSCs. These positive results are possibly attributable to the surface modification
of Mg alloys. With these favorable outcomes, FHA-Mg scaffolds are promising biomaterials
for orthopedic applications.
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