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Abstract: Magnesium (Mg) and its alloys are considered to be biodegradable metallic biomaterials
for potential orthopedic implants. While the osteogenic properties of Mg alloys have been widely
studied, few reports focused on developing a bifunctional Mg implant with osteogenic and angiogenic
properties. Herein, a Mg-Sc-Sr alloy was developed, and this alloy’s angiogenesis and osteogenesis
effects were evaluated in vitro for the first time. X-ray Fluorescence (XRF), X-ray diffraction (XRD),
and metallography images were used to evaluate the microstructure of the developed Mg-Sc-Sr alloy.
Human umbilical vein/vascular endothelial cells (HUVECs) were used to evaluate the angiogenic
character of the prepared Mg-Sc-Sr alloy. A mix of human bone-marrow-derived mesenchymal
stromal cells (hBM-MSCs) and HUVEC cell cultures were used to assess the osteogenesis-stimulating
effect of Mg-Sc-Sr alloy through alkaline phosphatase (ALP) and Von Kossa staining. Higher ALP
activity and the number of calcified nodules (27% increase) were obtained for the Mg-Sc-Sr-treated
groups compared to Mg-treated groups. In addition, higher VEGF expression (45.5% increase), tube
length (80.8% increase), and number of meshes (37.9% increase) were observed. The Mg-Sc-Sr alloy
showed significantly higher angiogenesis and osteogenic differentiation than pure Mg and the control
group, suggesting such a composition as a promising candidate in bone implants.
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1. Introduction

The growing number of musculoskeletal disorders caused by poorly healed fractures
and diseases has become a serious global challenge in public health, significantly increasing
overall healthcare costs for patients [1-5]. Recently, permanent metallic biomaterials,
including titanium alloys, stainless steels, and cobalt-chromium alloys, have been used to
fix bone fractures [5-7]. These metallic implants can only provide physical support at the
fracture; they do not contribute to bone regeneration [5-7]. Further, concerns have been
raised over the deleterious medical effects of mechanical property mismatches between
such materials and cortical bones. Differences in elastic modulus between the implant and
natural bone lead to unnatural, inhomogeneous mechanical loading, resulting in implant
loosening, reduction in osteogenesis, implant failure, and removal surgery [1,7]. Meanwhile,
the presence of these permanent implants in the fractured site after the complete healing of
the bone can result in the release of toxic degradation-related particles and ions in the long
term. This may cause chronic inflammation by triggering a host immune response, leading
to tissue damage and implant failure [5,8].

Mg is a biodegradable metal that eliminates the need for removal surgery [9,10]. It
has a Young’s modulus (10-40 GPa) close to that of human cortical bone (3-20 GPa) [11,12].
More importantly, Mg?*, which evolves from the implant over time post-implantation, is
one of the most predominant elements in the human body, mainly in bones and teeth [12].
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Mg ions can participate in numerous bone-related biological functions and processes related
to cell metabolism [13,14]. Mg?* can improve new bone formation, regulate the resorption
process, upregulate the expression of osteogenic genes, increase the mineralization of Ca?",
promote osteoblast adhesion to the implant surface, and regulate muscle contraction [14-16].

Angiogenesis is a critical factor in facilitating new bone formation by mediating the mass
transport of sufficient oxygen and nutrients through new vessel formation in the early healing
process and increasing the success rate of implantation [9,17,18]. Mg has also been found to
enhance the extent and rate of angiogenesis at implant sites [18,19]. Additionally, Mg?* in-
duces nitric oxide production by endothelial cells, which upregulates the vascular endothelial
growth factor (VEGF) expression and improves angiogenesis [9,20,21]. These characteristics
indicate the excellent potential of Mg as a biomaterial in bone healing applications [5,9,22].

Although previous investigations have demonstrated the potential of Mg alloys in
bone defect restoration, the high corrosion rate of Mg implants leads to the generation of
substantial amounts of subcutaneous hydrogen (H;) gas at the implantation site. The gas
formation reduces implant mechanical integrity, resulting in damage to the surrounding
tissues and implant failure [5,10,15]. Mg alloy’s highly alkaline local pH value can also
hinder the healing process since a high pH would damage cells [23]. Therefore, controlling
the degradation rate and resultant H, generation of Mg implants is crucial for the successful
bone healing process, limitation of tissue damage, and maintenance of a healthy tissue-
implant microenvironment [8,9]. Recently, several alloying elements frequently used with
Mg, such as zirconium or aluminum, were found to produce unfavorable effects on tissue
health (i.e., toxicity induction) [24]. Suitable alloying components for bone implants should
be biocompatible and enhance biomechanical support, osseointegration, osteogenesis,
and angiogenesis [9,21,25].

Aiming to reduce the corrosion rate of Mg, we have used scandium (Sc) as an alloying
element in Mg due to its biocompatibility, high maximum solubility limit (24.61 wt.%), and
similar lattice parameters to Mg [2,26] (which should significantly decrease lattice distortion
and, thereby, effectively hinder stress concentration). Incorporating bioactive elements such
as Sr, F, and Zn in Mg alloys has gained interest recently [2,26,27]. Among these bioactive
elements, Sr, due to its similar structure to Ca, can provide the additional advantage of
inducing osteoprogenitor cell differentiation into bone-forming osteoblasts by activating
the Wnt/ 3-catenin signaling pathway and calcium-sensing receptors (CaSR). This also
reduces the bone resorption that, in conjunction with the previously detailed processes,
leads to superior new bone formation [5,8,14,28,29]. Sr ions can also bind to the bone
matrix, increase bone mineralization [10,29], and enhance angiogenic properties [27,28,30].

The Mg-Zr-Sr-Sc alloy was developed based on a previous report [2]. However, this is
the first time that Mg-Sc-Sr was developed, and the mechanism of bone formation using ALP
and Von Kossa staining and vascularization using wound healing were studied. Finally, for
the first time, this study offers a tube formation assay conducted on the Mg-Sc-Sr alloy.

To integrate osteogenesis and angiogenesis, we developed an Mg alloy containing Sc
and Sr (Mg-Sc-Sr alloy). We hypothesized that the Sc component would improve corrosion
resistance, while Sr addition would enhance/induce bone-forming processes. XRD, XREF,
and metallography were performed to analyze the Mg-Sc-Sr alloy microstructure. An
evaluation of early angiogenesis stages in human umbilical vein/vascular endothelial
cells (HUVECs) was performed by vascular endothelial growth factor induction using an
enzyme-linked immunosorbent assay (VEGF ELISA), tube formation, and scratch tests.

Moreover, in this work, human bone marrow-derived mesenchymal stromal cells
(hBM-MSCs) and HUVECs were co-cultured to study the in vitro osteogenesis effects of the
Mg-Sc-5r alloy implant in a similar environment to bone tissue. The osteogenesis character
of Mg-Sc-Sr alloy was examined by analyzing the Alkaline phosphatase (ALP) activity and
Von Kossa staining.
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2. Materials and Methods
2.1. Mg Alloy Fabrication

The Mg (as control) and Mg-Sc-Sr alloys (2 wt.% Sc, and 2 wt.% Sr) were manufactured
by casting method using high purity Mg (Goodfellow, Pittsburgh, PA, USA), Sc (Luciteria
science, Olympia, WA, USA), and Sr (Luciteria science, Olympia, WA, USA). The Mg, Sc,
and Sr were melted at 750 °C in a graphite crucible. After 10 min, the melted alloy was cast
in a cylindrical mold. The melt was protected by an inert high-purity argon (Ar) atmosphere.
Next, the Mg-Sc-Sr rods were heat-treated at 400 °C for 2 h. They were then cut into 12 mm
diameter and 5 mm height disks for microstructure characterizations, osteogenesis, and
angiogenesis evaluation as described below. Finally, discs were wet ground with successive
grades of silicon carbide (SiC) abrasive paper (400, 600, 1200 grit) and ultrasonically cleaned
(50 Hz and 150 W) in ethanol for 15 min and air-dried for further analysis.

2.2. Microstructure Characterization

The phase constitutions of the Mg and Mg-Sc-Sr disks were detected by X-ray diffrac-
tion (XRD) using an X-ray diffractometer (PANalytical Empyrean, Netherlands) with
Cu-Ka radiation (A = 0.154 nm, 40 kV) at a step size of 0.02° /s over the angular range of
10-90° (20 value). The international center of diffraction data (ICDD) PDF-4 database was
used for phase identification. The elemental phase compositions of the Mg and Mg-Sc-Sr
disks were detected by X-ray Fluorescence (XRF) using an X-ray fluorescence spectrometer
(PANalytical Epsilion, Netherlands) with a 50 KV silver anode.

The surface chemistry and chemical compositions were examined using X-ray pho-
toelectron spectroscopy (XPS, Physical electronics PHI 5802). A non-monochromatic alu-
minum Ka X-ray source (51,486.6 eV, 250 W) with an acceleration voltage of 20 kV and
amperage of 15 mA was used for all measurements. Measurements were performed under
vacuum at <10~ mbar. Core-level XPS spectra for C1s, Mg2p, and O1s were recorded. The
binding energy values were referenced to a Cls peak (hydrocarbon C-C, C-H) at 284.6 eV,
ascribed to adventitious carbon. A smart (Thermo Avantage v5.9902, Thermo Fisher) fitted
background was applied to all collected spectra.

To observe sample microstructure and grain character, a picric acid-based etchant
composed of 50 mL ethanol (100% v/v, Decon Labs, Montgomery, PA, USA), 5 mL acetic
acid (Fisher, Pittsburgh, PA, USA), and 3 mL picric acid (LabChem, Zelienople, PA, USA)
was used for etching the discs.

Finally, the microstructure was observed using an optical microscope (Amscope
FMA-50, Irvine, CA, USA), and the line intercept method (ASTM, 2013) was used to
calculate the average grain sizes for each disc [31].

2.3. Angiogenesis

Human umbilical vein/vascular endothelial cells (HUVECs) were obtained from
American Type Culture Collection (ATCC, PCS-100-010, Manassas, WA, USA). HUVECs
were cultured in a complete endothelial cell growth medium containing Vascular Cell Basal
Medium (ATCC, PCS-100-030, Manassas, WA, USA) supplemented with Endothelial Cell
Growth Kit-BBE (ATCC, PCS-100-040, Manassas, WA, USA) and incubated in a humidified
atmosphere under the condition of Atm (atmospheric) O, and 5% CO, at 37 °C and
incubated until cells reached to 80-90% confluency. To prepare endothelial cells extract,
Mg and Mg-Sc-Sr disks were immersed in a complete endothelial cell growth medium
(disc weight/medium volume ratio was 0.2 g/mL) [11]. The tube formation assay was
performed as described before [9,11].

Briefly, a 96-well plate was coated with 50 pL of ice-cold Matrigel in each well (BD
Bioscience, San Jose, CA, USA) on the ice. Then, the well plate was kept in the humidified
atmosphere under the condition of Atm O, and 5% CO, for 30 min at 37 °C to allow gelation
of the Matrigel. Next, the HUVECs (3 x 10*/well) were seeded onto Matrigel-coated wells
and cultured in a complete endothelial cell growth medium. Cells were incubated in a
humidified atmosphere under Atm O, and 5% CO, for 4 h, 24 h, and 48 h at 37 °C after
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adding 200 pL of Mg and Mg-Sc-Sr extract. HUVECs were cultured with a complete
endothelial cell growth medium without an extraction medium as a control.

Cells were then imaged at each time point using an optical microscope. The ability
of HUVECs to form tubes was quantified by measuring the sum of tube length in each
image using Image] software and reported as total tube length. Also, the total number
of completed circular meshes in each image was counted and reported as the number of
meshes. Five images per experimental group were analyzed.

To study the wound healing ability of Mg-Sc-Sr alloy, HUVECs (5 x 10°/well) were
seeded in six-well plates and cultured with a complete endothelial cell growth medium in
a humidified atmosphere under the condition of Atm O, and 5% CO; at 37 °C for 24 h. A
straight line was scratched on the confluent monolayer the next day by scraping with sterile
1000 pL pipette tips. Cells were then rinsed three times with PBS, and the prepared Mg
and Mg-Sc-Sr alloy extracts were added to each well (1000 uL/well). As controls, HUVECs
were cultured with a complete endothelial cell growth medium. Finally, cells were imaged
after 4 h, 24 h, and 48 h using an optical microscope. To quantify the wound healing ability
and cell migration activities of HUVECs, the number of migrated cells and scratch width
were measured for five images per experimental group. The scratch width was measured
using Image] software (version 1.53k).

To measure the VEGF expression from HUVECs, cells (3 x 10*/well) were seeded in
96-well plates and cultured with a complete endothelial cell growth medium in a humidified
atmosphere under the condition of Atm O, and 5% CO, at 37 °C for 24 h. Then, 100 uL Mg
or Mg-Sc-Sr alloy extracts were added to each well. The HUVECs cultured with a complete
endothelial cell growth medium were considered as control. The concentration of VEGF in
the supernatant of HUVECs for each group was measured using a Human VEGF ELISA
Kit (Boster, Pleasanton, CA, USA) after 4 h, 10 h, and 24 h of incubation, according to the
manufacturer’s instruction. Briefly, 100 uL supernatant of each experimental group was
added to each well of the ELISA kit well plate. Then, the well plate was covered with the
plate sealer and incubated for 90 min at 37 °C. Next, 100 uL of the Biotinylated Anti-Human
VEGFA antibody was added to each well, and the well plate was incubated for 60 min at
37 °C. Afterward, the wells were washed with wash buffer, 100 puL of the Avidin-Biotin-
Peroxidase Complex was added to each well, and the well plate was incubated at 37 °C for
30 min. Finally, 90 puL of Color Developing Reagent was added to each well for 15 min at
37 °C, and the reaction stopped by adding 100 pL of Stop Solution. The optical density of
each well was determined by using a microplate reader (Bio-Rad 680, Hercules, CA, USA)
at 450 nm.

2.4. Osteogenesis

Human bone marrow-derived mesenchymal stromal cells (hBM-MSCs, ATCC, PCS-500-012,
Gaithersburg, MD, USA) were cultured in a complete cell culture medium composing Low
glucose Dulbecco’s Modified Eagle’s medium (DMEM; glucose concentration: 1 g/L, Invit-
rogen, Carlsbad, CA, USA) supplemented with 50 U/mL penicillin-50 ug/mL streptomycin
(Lonza, Basel, Switzerland) and 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA,
USA) at 37 °C under the condition of Atm O, and 5% COj, in a humidified atmosphere. The
cell culture medium was refreshed every three days until cells reached 80-90% confluency.
Then, to prepare Mg and Mg-Sc-Sr differentiation extracts, disks were first sterilized with
ethanol, washed three times with sterile PBS, and sterilized with ultraviolet light for 2 h.
Next, the discs were immersed in a differentiation medium (complete cell culture medium
supplemented with 10 mM f(-glycerophosphate, 50 mM ascorbic acid, and 100 nM dex-
amethasone (Sigma-Aldrich, Burlington, MA, USA)) [32] and incubated for three days in
a humidified atmosphere at 37 °C under the condition of Atm O, and 5% CO; to obtain
extract [33]. The discs” weight/medium volume ratio was 0.2 g/mL [33]. The acquired
extracts of each disc were centrifuged, the solution was collected and stored separately
at 4 °C, and the collected differentiation extracts were then used for Von Kossa staining
and ALP staining.
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To perform ALP staining and Von Kossa staining, hBM-MSCs (5 x 10% cells/well)
and HUVECs (5 x 10* cells/well) were mixed and seeded in 12-well plates and cultured
in a 1:1 mix of the complete cell growth medium and complete endothelial cell growth
medium for 1 day at 37 °C in a humidified atmosphere under the normal condition of
Atm O, and 5% CO;. Then, the culture medium was replaced and hBM-MSCs-HUVECs
were cultured (7 days for ALP staining and 21 days for Von Kossa staining) with a 1:1 mix
of differentiation extract and endothelial cell extract for Mg and Mg-Sc-Sr groups. The
medium was refreshed every 3 days. The mix of HUVECs and hBM-MSCs cultured with
a 1:1 mix of differentiation medium and endothelial cell growth medium with no sample
extract is considered a control.

The ALP staining was performed using Alkaline Phosphatase Staining Kit (Abcam,
Boston, MA, USA). On day 7, the hBM-MSCs and HUVECs were washed with wash buffer.
Then, 150 uL of ALP Staining Reagent solution was added to each well and incubated at
37 °C for 20 min. Finally, the cells were imaged using BZ-X810 Keyence.

Von Kossa staining was performed using a Von Kossa Stain Kit (Stablab, McKinney,
TX, USA). On day 21, the medium was removed, hBM-MSCs and HUVECs were rinsed
with DI water, and a 5% silver nitrate solution was added to each well. Then, cells were
irradiated with ultraviolet light for 15 min. Once completed, cells were rinsed in DI water,
and the 5% sodium thiosulfate solution was added for 1 min. Finally, cells were incubated
in the nuclear fast red stain for 5 min, washed, and imaged (BZ-X810, Keyence, Itasca,
IL, USA). To quantify the Von Kossa staining images, the number of black precipitates
was counted as the number of nodules in five images per group using Image] software
(version 1.53k) [34].

2.5. Statistical Analysis

Metallography, osteogenesis, and angiogenesis were performed in n = 5 samples per
group. The XRD and XPF were performed in n = 1, and XPS was done in n = 3 samples per
group. Results were reported as mean =+ standard deviation. One-way ANOVA followed
by a post-hoc Tukey test (Astatsa.com, Online and Free Web Statistical Calculators) and two-
way ANOVA using GraphPad Prism software were used to obtain statistical significance
between groups. The p-value of <0.05 denotes a statistically significant result.

3. Results
3.1. Microstructure Characterization

The chemical compositions of Mg and Mg-Sc-Sr alloys are presented in Table 1. The
phase analysis of Mg and Mg-Sc-Sr discs was evaluated using X-ray diffraction (XRD).
Figure 1 shows the XRD pattern of Mg that includes an x-Mg phase with diffraction peaks
at 32.17°, 34.4°, 36.59°, 47.78°, 57.30°, 63.03°, 68.57°, 69.93°, 72.44°, 77.75°, and 81.09°
(JCPDS No. 35-0821). Also, as shown in Figure 1, the Mg-Sc-Sr pattern indicated the «x-Mg
phase and Mg;7Sr, intermetallic phase at 67.25°, representing the formation of Mg17Sr,
in Mg-Sc-Sr discs (JCPDS No. 18-1275) [35]. Due to the high dissolution of Sc in Mg
(24.61 wt.%), Sc element is well-dispersed in Mg, and no separate peaks were detected. As
Figure 1 shows, adding more than 0.11 wt.% of the Sr (e.g., 2 wt.%) as an alloying element
in Mg resulted in the alloying of some fraction of Sr content into the Mg, with the remainder
contributing to the formation of an intermetallic phase (Mg;7Sr>) [31].

Table 1. The chemical compositions of Mg and Mg-Sc-Sr alloys.

Element Concentration (%) Mg Sc Sr P Cl Ca Si Zn Cr Ti Mn Fe
Mg 98.4340 - - 0.7580 0.4790 0.2270 0.0294 0.0048 0.0158 - 0.0322 0.0188
Mg-Sc-Sr 94.120 1369 2.003 1.223 0.657 0.488 - - 0.0074 0.0058 0.0824 0.0355
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Figure 1. XRD patterns of the Mg and Mg-Sc-Sr alloy showing «-Mg phase for Mg sample and «-Mg
and Mg;7Srp intermetallic phase for Mg-Sc-Sr alloy.

XPS analysis was performed to evaluate the chemical composition of the surface layers
on Mg and Mg-Sc-Sr discs. As shown in the de-convoluted XPS spectra (Figure 2A,B),
peaks fitted in the binding energy range specific to Mg (1s) were ascribed to metallic (Mg")
and oxide (Mg?*) chemical states for both Mg sample (Figure 2A) and Mg-Sc-Sr sample
(Figure 2B). The presence of both states is typical of a material surface wherein Mg is a
major phase (or parent material), given the material’s negative reduction potential. In the
case of the Mg-Sc-Sr alloy sample, the ratio of fitted peak areas (measurement intensity
area under-the-curve values) for MgO:Mg2+ was lower (0.8) compared to the pure Mg (2.5).
Along with this, a shift in binding energy was observed to higher values, for both Mg1s-
associated peaks, in the alloyed sample (+A0.4 and 0.6 eV, for Mg? and Mg?*, respectively).
This shift thereby suggests greater stability of related chemical states at the surface of the
Mg-Sc-Sr alloy sample.
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Figure 2. XPS spectra: (A) Mg 1s for Mg sample, (B) Mg 1s for Mg-Sc-Sr sample. We observed a
lower oxide proportion relative to the Mg-Sc-Sr sample’s metallic state.
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Figure 3A-C showed that the average grain size for Mg-Sc-Sr (124.86 + 22.61 um) was
significantly lower compared to Mg (539.16 £ 164.58 um) due to the grain refinement effect
of Sc [36-38] and Sr [35,39,40]. Intermetallic particles in the Mg-Sc-Sr discs could also cause
a reduction in grain size through the grain-growth restriction mechanism [31,41,42].
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Figure 3. Metallography images: (A) Mg, (B) Mg-Sc-Sr, (C) average grain sizes of the Mg and Mg-Sc-
Sr discs. In comparing the Mg-Sc-Sr grain size to the Mg grain size, a significant reduction in grain
size for Mg-Sc-Sr was observed. Significant differences: a: p < 0.05 Mg-Sc-Sr vs. Mg.

3.2. Angiogenesis

To detect the expression of VEGF secreted from HUVECs cultured alone as control
or HUVECs cultured with Mg, and Mg-Sc-Sr extracts, a VEGF ELISA was performed
after 4 h, 10 h, and 24 h of incubation (Figure 4). After 4 h of incubation, the VEGF
concentration of HUVECs cultured with Mg-Sc-Sr extract (58.83 + 8.89 pg/mL) and
Mg (52.66 + 15.22 pg/mL) showed insignificant changes (p > 0.05) compared to VEGF
concentration in the control group (46.93 £+ 11.96 pg/mL). After 10 h of incubating
HUVECs with the control, Mg, and Mg-Sc-Sr extract, the VEGF concentration for Mg
(279.53 £ 14.66 pg/mL) and Mg-Sc-Sr (464.55 £ 32.31 pg/mL) obtained significantly higher
than the control (187.90 & 18.36 pg/mL, p < 0.05). The measured VEGF concentration of
the HUVECs cultured with Mg-Sc-Sr was higher than the VEGF concentration of HUVECs
cultured with Mg (p < 0.05). A significantly higher concentration of VEGF in the super-
natant of HUVECs cultured with Mg-Sc-Sr extract (514.33 £ 44.90 pg/mL) compared to
Mg (350.90 £ 50.25 pg/mL) and control (270.33 =+ 35.61 pg/mL) after 24 h of incubation
indicated that Mg-Sc-Sr extract potentiates VEGF secretion. These results also showed that
the VEGF concentration in all groups increased over time, and the Mg-Sc-5r alloy has a
higher pro-angiogenic potential relative to pure Mg.
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Figure 4. VEGF expression from HUVECs after 4 h, 10 h, and 24 h culturing with the control, Mg, and
Mg-Sc-Sr extracts in vitro showing a significant increase in VEGF concentration for Mg-Sc-Sr-treated
HUVECs compared to control. Significant differences based on two-way A: a: p < 0.05 Mg and
Mg-Sc-Sr vs. control, b: p < 0.05 Mg-Sc-Sr vs. Mg. *: p <0.0524hand 10 h vs. 4 h, **: p <0.0524 h vs.
10 h for each experimental group.

In Mg extract-treated samples, the VEGF concentration at 10 h and 24 h of incubation
were significantly higher than the VEGF concentration at 4 h, and the highest concentration
of VEGF was obtained after 24 h. Similarly, for HUVECs cultured with Mg-Sc-Sr extract, the
VEGEF concentration at 10 h and 24 h of incubation was significantly higher than the VEGF
concentration at 4 h (p < 0.05). However, no significant changes (p > 0.05) were observed
between 10 h and 24 h.

As shown in Figure 5A-C,], the quantified total tube length for HUVECs cultured in
the Mg extract (4708.8 £ 422.3) and the Mg-Sc-Sr extract (5020.2 £ 460.9) after 4 h of incu-
bation was significantly higher compared to the control group (1758.0 & 576.0) (p < 0.05).
Figure 5D-F] show tube formation after 24 h incubation of HUVECs with control, Mg,
and Mg-Sc-Sr extract. The total tube length for Mg-Sc-Sr (10,413.6 + 1014.6 um) obtained
significantly higher than the control (4723.2 £+ 328.5 pm) and Mg (5759.6 & 429.6 pm)
(p <0.05). A similar trend was obtained in HUVECs incubated with the control, Mg, and
Mg-Sc-Sr extract after 48 h of incubation (Figure 5G-J). After 48 h, the measured total
tube length of HUVECs cultured with Mg-Sc-Sr (10,352.8 &+ 1140.0 um) was significantly
higher than the total tube length of HUVECs cultured with Mg (5988.2 + 669.7 um) and
control (4698.4 + 507.6 pum) that indicates the potential of Mg-Sc-Sr extract to enhance tube
formation. In the control, the Mg and Mg-Sc-Sr groups, the total tube length after 24 h
and 48 h of incubation was significantly higher than the total tube length at 4 h (p < 0.05).
However, at 24 h and 48 h of incubation, the differences in total tube length between the
Mg extracts and control were insignificant (p > 0.05).
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Figure 5. Tube formation assay for HUVECsS cultured with the control, Mg, and Mg-Sc-Sr extracts
in vitro. Tube formation images of HUVECs after culturing with the control group, Mg extract, and
Mg-Sc-Sr extract after (A-C) 4 h, (D-F) 24 h, (G-I) 48 h, (J) quantification of total tube length formed
by HUVECs, (K) quantification of the number of formed meshes by HUVECs, for control, Mg, and
Mg-Sc-Sr at 4 h, 24 h, and 48 h. Significant differences based on two-way Anova: a: p < 0.05 Mg and
Mg-Sc-Sr vs. control, b: p < 0.05 Mg-Sc-Sr vs. Mg, *: p <0.0548 hand 24 hvs. 4 h, **: p <0.05 48 h vs.
24 h for each experimental group. Red arrows show newly formed tubes.

The number of HUVECs meshes at 4 h of HUVECs culture with Mg extract (5.8 + 0.8),
and Mg-Sc-Sr extract (8.8 & 0.8) was significantly higher compared to the control group
(1.0 £ 1.0) (Figure 5K). After 24 h, the number of meshes for HUVECs cultured with Mg-Sc-
Sr extract (16.0 £ 1.2) was significantly higher than the control group (7.2 & 0.8) and Mg
(11.6 £ 1.7). In addition, the number of meshes for HUVECs treated with Mg-Sc-Sr extract
was significantly higher than HUVECs cultured with Mg extract. After 48 h of incubation,
the number of meshes quantified for HUVECs cultured in Mg-Sc-Sr extract (21.8 £ 5.4) was
significantly higher than the control group (11.2 £ 1.3) and Mg (12.0 + 2.0). No significant
difference was obtained for the number of meshes in Mg and control groups at 48 h. In the
Mg-Sc-Sr group, the number of meshes at 48 h was significantly higher than the number of
meshes at 24 h and 4 h (p < 0.05).

To evaluate the migration potential and wound-healing ability of HUVECs cultured
with the control, Mg, and Mg-Sc-Sr extracts, a wound-healing (scratch) assay was performed.
As indicated in Figure 6A-E, the scratch width in the samples cultured with Mg-Sc-Sr
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extract (605.6 = 52.5 um) and Mg (666.4 £ 88.2) was significantly lower than the control
(826.4 & 36.4 um) after 4 h of incubation. In addition, the scratch width obtained for the
Mg-Sc-Sr-treated group was significantly lower than that of the Mg-treated group. The
‘wounds’ were almost fully recovered in the Mg-Sc-Sr extract-treated HUVEC at 24 h. The
calculated scratch width in HUVECs cultured with Mg-Sc-Sr and Mg (332.8 4= 68.2 um) was
higher than in the control group (448.6 &= 73.2 um) groups, indicating a faster wound closure.
In addition, the wound size in the Mg-Sc-Sr group was significantly reduced compared to
the Mg group. No scratches were found in the control group, Mg, and Mg-Sc-Sr after 48 h of
incubation (Figure 6D). The scratch size for the Mg-Sc-Sr-treated group was significantly
reduced after 24 h of incubation compared to the Mg-Sc-Sr-treated group for 4 h.

Control Mg-Sc-Sr
A Mg 5

#Control 500 - S
1000 =My amMg . R
= Mg-Sc-Sr = Mg-Sc-Sr ab*
= 2400 a*
E w0 a,* s
2 * T «
3 ab £ 200
3 600 * kk =)
5 1 E
] F % 200
8 400 H a @
E T
2100
200
o [1]

s
oh ah 24h A aeh Ak

Figure 6. Scratch assay of HUVECs cultured with the control, Mg, and Mg-Sc-Sr extractions in vitro.
(A) Images of initial wound scratch. Representative migration images of HUVECs after culturing with
the control group, Mg extract, and Mg-Sc-Sr extract after (B) 4 h, (C) 24 h, (D) 48 h, (E) quantification
of scratch width, (F) Quantification of the number of migrated cells. The width between red dots
shows the primary scratch and the width between black dots shows the scratch width after incubation
with or without extracts. Significant differences based on two-way ANOVA: a: p < 0.05 Mg and
Mg-Sc-Sr vs. control, b: p < 0.05 Mg-Sc-Sr vs. Mg. For scratch width: *: p <0.054hand 24 hvs. O h,
**:p <0.0524 h vs. 4 h for each experimental group. For the number of migrated cells: *: p <0.0524 h
and 48 h vs. 4 h, **: p < 0.05 48 h vs. 24 h for each experimental group.

As presented in Figure 6F, the numbers of migrated HUVECs for samples cultured
with Mg-Sc-Sr extract (115.8 & 18.4) and Mg extract (110.8 £ 21.4) were significantly higher
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than the control values (36.0 = 7.2) after 4 h of incubation. No significant difference was
obtained between Mg and Mg-Sc-Sr. After 24 h, the number of migrated HUVECs for
cells cultured with Mg-Sc-Sr (390.0 =+ 25.9) and Mg (337.2 & 47.2) obtained significantly
higher than the control (265.1 £ 36.4). In addition, the number of migrated cells for the
Mg-Sc-Sr-treated group was significantly higher compared to the Mg-treated group. After
48 h, no significant difference obtained between experimental groups (p > 0.05), and the
wound was fully recovered. The number of migrated HUVECs in the Mg-Sc-Sr group was
significantly higher after 24 h and 48 h of incubation compared to 4 h, but the number of
migrated cells between 24 h and 48 h was not significant. Data from HUVECs treated with
Mg-Sc-Sr extracts show improvement in cell migration ability.

3.3. Osteogenesis

ALP and Von Kossa staining were used to identify osteogenic properties (Figure 7A-G).
Figure 7A—C showed that the ALP staining on day 7 indicated higher ALP expression
in hBM-MSC-HUVECs incubated with Mg-Sc-Sr extract than in cells incubated with Mg
extract or the control group. ALP expression in hBM-MSCs-HUVECs was also higher in
cells incubated with Mg extract compared to ALP stain intensity in the control group. The
ALP staining result in cells incubated with Mg-Sc-Sr extract showed that this group had
the highest ALP activity.

Control

G 10,000

8000 4

6000 4

4000 4

Number of nodules

2000

0

Control Mg Mg-Sc-Sr

Figure 7. In vitro assay of osteogenic differentiation of hBM-MSCs and HUVECs cultured with alloy
extracts: ALP staining of hBM-MSCs and HUVECsS cultured with (A) control (differentiation medium
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without disc extract), (B) Mg disc extract, (C) Mg-Sc-Sr disc extract for seven days. A dark blue stain
indicates more ALP activity by sample. Von Kossa staining of hBM-MSCs and HUVECs cultured with
(D) Control (differentiation medium without disc extract), (E) Mg extract, (F) Mg-Sc-Sr disc extract
for 21 days. More black precipitation indicates higher Ca deposition in the sample. (G) Quantitative
analysis of Von Kossa staining, significant differences: a: p < 0.05 Mg and Mg-Sc-Sr vs. control,
b: p < 0.05 Mg-Sc-Sr vs. Mg.

To examine the calcium deposition, hBM-MSC and HUVECs were cultured with the
control, Mg, and Mg-Sc-Sr in differentiation extracts for 21 days. The ability of the disc
extracts to promote bone formation could be directly correlated to the intensity of von Kossa
staining. Figure 7D-G indicated higher Von Kossa staining (calcified nodules stained black)
in cells cultured with Mg-Sc-Sr disc extracts compared to the cells cultured alone or with Mg
disc extracts that included lower black stained nodes. As shown in Figure 7G, the quantified
number of calcified nodules that stained black confirmed a significant increase (p < 0.05) in
the mineral deposition by cells cultured with Mg-Sc-Sr extract (8562.21 + 853.54) and Mg
extract (6756.60 £ 567.50), compared to control (4938.02 & 231.51). In addition, the number
of nodules in cells cultured with Mg-Sc-Sr extract was significantly higher than in cells
cultured with Mg (p < 0.05). As shown in the results, Mg-Sc-Sr extract promoted calcium
deposition and improved osteogenic properties.

4. Discussion

We developed an Mg-Sc-Sr alloy that simultaneously releases Mg?" and Sr?* to en-
hance new bone formation and new vessel formation. This will further facilitate the
application of Mg alloys in osteogenic fixation. In this study, we evaluated the effects
of adding Sc and Sr elements to Mg matrices on microstructure, angiogenic character,
and osteogenic properties. Herein, 2 wt.% Sr was used to enhance the angiogenesis and
osteogenesis of the Mg alloy. Previous studies reported the addition of 0-2 wt.% Sr re-
duces the material corrosion rate and increases the corrosion uniformity in Sr-containing
alloys [31,35,43,44]. Therefore, 2 wt.% Sr was added to maintain corrosion uniformity and
maximize angiogenic and osteogenic properties. Many alloying elements have been used
to limit the high corrosion of Mg [12]. However, avoiding elements such as Be, Nb, Cr,
Ni, and Co is crucial to avoid long-term systemic inflammatory reactions [11]. Therefore,
2 wt.% Sc was added to increase the corrosion resistance without noticeable toxicity [45].
The effects of Sr and Sc addition on microstructure are discussed in the next paragraph.

The XRD pattern of Mg indicated the dominant x-Mg phase peaks. In the Mg-Sc-Sr
alloy, the Mg;7Sr, intermetallic phase and «x-Mg phase were observed. Based on the limited
solubility of Sr (0.11%) in Mg, the Mg;75r, intermetallic phase forms in Sr-containing
alloys [2]. The Mg175r; formation refines the Mg grains via a grain-growth restriction mech-
anism during the solidification stages in the casting process [31,41,42]. As mentioned earlier,
the elemental Mg and Sr can improve osteogenesis and angiogenesis. The combination of
them (Mg;7Sr; intermetallic phase) may also be the reason for the increased osteogenesis
and angiogenesis. The lower degradation rate of Mg;75r, could cause a longer systematic
release of Mg and Sr from the Mg-Sc-Sr alloy. In addition, the structural grain refinement
in alloys can change cellular differentiation, cell adhesion, and gene expression [46]. In our
study, we performed indirect cell culture using alloy extracts. In future studies, direct cell
culture experiments can be performed to evaluate the grain refinement effect of Mg-Sc-Sr
alloy on the osteogenic differentiation of cells, tube formation, and scratch closure.

Moreover, the chemical composition of the surface layers for Mg and Mg-Sc-Sr discs
showed the existence of Mg in the elemental metallic form (Mg) and oxidized state (MgO)
in XPS measurements. The MgO layer can prolong the implant’s life span and work as a
protective barrier on the implant’s surface to increase corrosion resistance [47,48]. This MgO
layer on the surface of Mg-Sc-Sr could be a potential reason for reducing the corrosion rate
by adding a protective layer on the surface of discs [49-51]. However, other studies found
that increasing the MgO content can have an adverse effect on corrosion resistance [47,48]
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because the hydrophilic behavior of MgQO increases the wetting ability of the surface by
water and exposes the Mg-Sc-Sr implant to water for an extended period, resulting in the
reduction of corrosion resistance [52].

Our results showed a lower amount of MgO on the surface of Mg-Sc-Sr than Mg. This
low amount of MgO on the surface of Mg-Sc-Sr could be a potential reason for improving
the corrosion resistance by adding a protective and uniform layer on the surface of the
discs [49-51]. In addition, during solidification, MgO can promote heterogeneous nucle-
ation and increase grain refinement, which improves corrosion resistance. The formation
of MgO can upregulate angiogenesis and osteogenesis-related gene expressions, such as
VEGF, BMP2, and RUNX2, that enhance the differentiation of stem cells to osteoblasts [52].
In the following discussion, the effect of Sr on the osteogenic properties of Mg is discussed.

Mg can enhance extracellular matrix mineralization, ALP activity, and osteogenesis-
related gene expression, indicating improved osteogenesis character [9,53-57]. The ALP
activity assessment and Von Kossa staining were performed to verify the osteogenic prop-
erty of developed Mg-Sc-5r. Significantly higher ALP staining of Mg-Sc-Sr compared to Mg
and the control group after seven days of incubating HUVECs and hBM-MSCs confirmed
the effect of Sr on Mg to significantly enhance the ALP activity and osteogenesis, which is
consistent with the previous studies on Sr-containing alloys [58-61]. Our Von Kossa staining
results also showed a higher amount of deposited calcium nodes in cells incubated with Mg-
Sc-Sr extract, indicating a high potential for new bone formation. The possible molecular
mechanisms underlying osteogenesis promotion by Mg are activation of mitogen-activated
protein kinases/extracellular signal-regulated kinases (MAPK/ERK) signaling pathway
and/or Wnt signaling pathways leading to an increase in osteogenic differentiation of stem
cells to osteoblasts [62,63]. Additionally, the Sr-containing alloys showed upregulation of
osteogenic-related gene expression, including Osterix (OSX), Runt-related transcription
factor 2 (Runx2), Osteopontin (OPN), Osteocalcin (OCN), and Collagen I (COL I) [64—-66].
The Sr addition can enhance the release of prostaglandin E-2 through cyclooxygenase
2 (COX2) expression and thereby increase osteoblastic differentiation of hBM-MSCs [67].
In addition, additional molecular pathways, such as the fibroblast growth factor/fibroblast
growth factor receptor (FGF/FGFR) signaling pathway, have been indicated to be involved
in strontium-mediated osteogenesis [68]. To accelerate the osteogenesis of a bone implant,
improving the angiogenesis in addition to osteogenesis is vital [9,19]. The effect of Sr on
angiogenesis potentiation by Mg alloys is discussed in the following discussion.

Angiogenic properties are necessary to repair large bone defects because new vessel
formation can improve the transport of required nutrients and oxygen for osteogenesis
at the fracture site and facilitate the transfer of cellular waste [25,69]. Higher angiogenic
properties, such as upregulated related protein expression, endothelial tube formation, cell
migration, and neovascularization in bone defect models, are reported for Sr-incorporated
alloys [27,28]. Here, we measured VEGF expression as an essential regulator of angiogenesis
that increases the proliferation and migration of HUVECs and plays an indirect role in
osteogenesis by promoting angiogenesis [70-72]. The upregulation of VEGF in Mg-Sc-
Sr extract-treated HUVECs confirmed our alloy’s impact on early angiogenesis. Then,
scratch tests were performed to prove the critical effect of HUVECs migration in enhancing
angiogenic character. The potential of HUVECs migration was assessed as the number of
migrated HUVECs and the scratch width at each time point. As results showed, the number
of migrated HUVECSs was significantly higher for cells cultured with Mg-Sc-Sr extract than
cells cultured alone or with Mg. The increased cell number was additionally reflected in
the rapid decrease in scratch width and the extent of wound closure. The scratch was fully
closed for Mg-Sc-Sr-treated HUVECs after 24 h of incubation. In contrast, scratches treated
with Mg extract were not completely closed until 48 h of incubation.

Additionally, tube formation quantification was performed as an in vitro descriptor
of tubulogenic ability. The significant increase in the total number of tubes and mesh
numbers showed the tubulogenic ability of Mg-Sc-Sr extract. Our results in the angiogenic
evaluations were consistent with previous results. Although the angiogenesis mechanism
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of Sr is not clear, most of the studies showed that Sr enhances the expression of angiogenic
factors such as vascular endothelial growth factor (VEGEF), fibroblast growth factor (bFGF),
and hypoxia-induced factor « (HIF-x) that enhance angiogenesis [27,28].

Thus, our study showed that Mg-Sc-Sr is a promising Mg alloy for bone repair appli-
cations. The Mg-Sc-Sr alloy can be used for bone defect restoration, such as pins, screws,
and tissue engineering scaffolds, by showing improved osteogenic and angiogenic proper-
ties in vitro. The Mg-Sc-Sr alloy could enhance bone formation and early vascularization
in vitro. In the future, FESEM assessment, wetting properties, scratch properties, and degra-
dation rate measurement in vitro and in vivo experiments will be required on Mg-Sc-Sr to
obtain its potential as an implant in the human body. In addition, assessing the effect of
bioactive coatings, such as calcium silicate [73] or adding MgO nanoparticles [74], on the
surface of the Mg-Sc-Sr alloy could be beneficial.

5. Conclusions

The Mg and Mg-Sc-Sr alloy were comprehensively investigated to reveal their mi-
crostructural refinement, angiogenesis, and osteogenesis. The XRD pattern showed oa-Mg
phase for Mg and «-Mg and Mg175r; intermetallic phases for Mg-Sc-Sr alloy. The metallog-
raphy results showed the grain size for Mg-Sc-Sr significantly decreased (76.84%) compared
to Mg. A significant osteogenic differentiation of hBM-MSCs co-cultured with HUVECs
cultured with Mg-Sc-Sr extract was obtained by ALP staining and the number of nodules
in Von Kossa staining (73% increase) compared to the control. Moreover, the HUVECs
cultured with Mg-Sc-Sr extracts demonstrated enhanced angiogenesis measured by the
number of migrated cells (1.5-fold increase) than in the control after 24 h of incubation.
Also, the scratch width was reduced significantly for the HUVECs cultured with Mg-Sc-Sr
extracts compared to the control, and the scratch completely closed after 24 h of incubation.
We concluded that the total tube length (1.2 increase) and the number of formed meshes
(0.9 increase) were enhanced for the HUVECs cultured with the Mg-Sc-Sr extracts than
those in the control group after 48 h of incubation.

Author Contributions: Conceptualization: N.A., S.S. and M.R.; methodology: N.A., S.S. and MR,
formal analysis: N.A., CJ.N,, S.S. and M.R; resources: M.R,; data curation: N.A. and C.J.N.; writing
and draft preparation: N.A. and C.J.N.; writing—review and editing: N.A., S.S. and M.R.; visualization,
N.A. and CJ.N,; supervision: M.R. and S.S.; project administration: N.A., C.J.N. and M.R,; Funding
Acquisition: M.R. All authors have read and agreed to the published version of the manuscript.

Funding: We thank UCF for providing the UCF Start-Up Funding and UCF Seed Funding: ER2.
Shared Research Facility Usage Award. Additionally, this material is based upon work supported
by the National Science Foundation under Grant No. (2142610). We thank the Burnett School of
Biomedical Sciences at UCF for providing core facilities and Advanced Material Processing and
Analysis at UCF, Kirk Scammon. We also appreciate Thomas Kean for providing additional vials of
hBM-MSCs and HUVECsS, Cristina Fernandez-Valle for providing the optical microscope, and Melanie
Coathup for providing the Keyence microscope. We also thank NSF MRI ECCS (grant no. 1726636) for
funding XPS measurements. C.N. acknowledges funding from the UCF P3 post-doctoral program.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding author will make the data available upon reason-
able request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Yang, Y.; He, C; Dianyu, E.; Yang, W.; Qi, E; Xie, D.; Shen, L.; Peng, S.; Shuai, C.J.M. Design, Mg bone implant: Features,
developments and perspectives. Mater. Des. 2020, 185, 108259. [CrossRef]

2. Munir, K; Lin, J.; Wen, C.; Wright, PE,; Li, Y.J.A.B. Mechanical, corrosion, and biocompatibility properties of Mg-Zr-Sr-Sc alloys
for biodegradable implant applications. Acta Biomater. 2020, 102, 493-507. [CrossRef] [PubMed]


http://doi.org/10.1016/j.matdes.2019.108259
http://doi.org/10.1016/j.actbio.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31811958

J. Funct. Biomater. 2022, 13, 261 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wei, F; Neal, C.J.; Sakthivel, T.S.; Kean, T.; Seal, S.; Coathup, M.]. Multi-functional cerium oxide nanoparticles regulate
inflammation and enhance osteogenesis. Mater. Sci. Eng. C 2021, 124, 112041. [CrossRef]

Kiernan, C.; Knuth, C.; Farrell, E. Endochondral Ossification: Recapitulating Bone Development for Bone Defect Repair, Developmental
Biology and Musculoskeletal Tissue Engineering; Elsevier: Amsterdam, The Netherlands, 2018; pp. 125-148.

Zhang, N.; Wang, W.; Zhang, X.; Nune, K.C.; Zhao, Y,; Liu, N.; Misra, R.; Yang, K.; Tan, L.; Yan, J. The effect of different coatings
on bone response and degradation behavior of porous magnesium-strontium devices in segmental defect regeneration. Bioact.
Mater. 2020, 6, 1765-1776. [CrossRef] [PubMed]

Qin, H.; Zhao, Y.; An, Z.; Cheng, M.; Wang, Q.; Cheng, T.; Wang, Q.; Wang, J.; Jiang, Y.; Zhang, X. Enhanced antibacterial
properties, biocompatibility, and corrosion resistance of degradable Mg-Nd-Zn-Zr alloy. Biomaterials 2015, 53, 211-220. [CrossRef]
Xu, T,; Yang, Y.; Peng, X.; Song, J.; Pan, F. Overview of advancement and development trend on magnesium alloy. J. Magnes. Alloy.
2019, 7, 536-544. [CrossRef]

Li, W,; Qiao, W.; Liu, X;; Bian, D.; Shen, D.; Zheng, Y.; Wu, J.; Kwan, K.Y.; Wong, T.M.; Cheung, K.M. Biomimicking bone-implant
interface facilitates the bioadaption of a new degradable magnesium alloy to the bone tissue microenvironment. Adv. Sci. 2021,
8,2102035. [CrossRef]

Gao, P; Fan, B,; Yu, X,; Liu, W.; Wu, ].; Shi, L.; Yang, D.; Tan, L.; Wan, P.; Hao, Y. Biofunctional magnesium coated Ti6 Al4V scaffold
enhances osteogenesis and angiogenesis in vitro and in vivo for orthopedic application. Bioact. Mater. 2020, 5, 680-693. [CrossRef]
Chen, X.B.; Nisbet, D.R.; Li, RW.; Smith, P.; Abbott, T.B.; Easton, M.A.; Zhang, D.-H.; Birbilis, N. Controlling initial biodegradation
of magnesium by a biocompatible strontium phosphate conversion coating. Acta Biomater. 2014, 10, 1463-1474. [CrossRef]

Sun, K.; Fu, R.; Liu, X,; Xu, L.; Wang, G.; Chen, S.; Zhai, Q.; Pauly, S. Osteogenesis and angiogenesis of a bulk metallic glass for
biomedical implants. Bioact. Mater. 2021, 8, 253-266. [CrossRef]

Li, L.; Zhang, M.; Li, Y;; Zhao, J.; Qin, L.; Lai, Y. Corrosion and biocompatibility improvement of magnesium-based alloys as bone
implant materials: A review. Regen. Biomater. 2017, 4, 129-137. [CrossRef]

al Alawi, A.M.; Majoni, S.W.; Falhammar, H. Magnesium and human health: Perspectives and research directions. Int. ].
Endocrinol. 2018, 2018, 9041694. [CrossRef]

Guan, R.-G,; Cipriano, A.F,; Zhao, Z.-y,; Lock, ].; Tie, D.; Zhao, T.; Cui, T.; Liu, H. Development and evaluation of a magnesium—
zinc—strontium alloy for biomedical applications—Alloy processing, microstructure, mechanical properties, and biodegradation.
Mater. Sci. Eng. C 2013, 33, 3661-3669. [CrossRef]

Lin, Z.; Wu, S,; Liu, X,; Qian, S.; Chu, PX.; Zheng, Y.; Cheung, K.M.; Zhao, Y.; Yeung, K.W. A surface-engineered multifunctional
TiO, based nano-layer simultaneously elevates the corrosion resistance, osteoconductivity and antimicrobial property of a
magnesium alloy. Acta Biomater. 2019, 99, 495-513. [CrossRef]

Zocchi, M.; Locatelli, L.; Zuccotti, G.V.; Mazur, A.; Béchet, D.; Maier, ].A.; Castiglioni, S. Magnesium homeostasis in myogenic
differentiation—A focus on the regulation of TRPM7, MagT1 and SLC41A1 transporters. Int. J. Mol. Sci. 2022, 23, 1658. [CrossRef]
Adams, R.H.; Alitalo, K. Molecular regulation of angiogenesis and lymphangiogenesis. Nat. Rev. Mol. Cell Biol. 2007, 8, 464—478.
[CrossRef]

Liu, W.; Guo, S.; Tang, Z.; Wei, X.; Gao, P.; Wang, N.; Li, X.; Guo, Z. Magnesium promotes bone formation and angiogenesis by
enhancing MC3T3-E1 secretion of PDGF-BB. Biochem. Biophys. Res. Commun. 2020, 528, 664—670. [CrossRef]

Wei, X.; Zhou, W.; Tang, Z.; Wu, H.; Liu, Y.; Dong, H.; Wang, N.; Huang, H.; Bao, S.; Shi, L. Magnesium surface-activated 3D
printed porous PEEK scaffolds for in vivo osseointegration by promoting angiogenesis and osteogenesis. Bioact. Mater. 2023,
20, 16-28. [CrossRef]

Maier, J.A.; Bernardini, D.; Rayssiguier, Y.; Mazur, A. High concentrations of magnesium modulate vascular endothelial cell
behaviour in vitro. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2004, 1689, 6-12. [CrossRef]

Liu, Y,; Li, H.; Xu, J.; TerBush, J.; Li, W.; Setty, M.; Guan, S.; Nguyen, T.D.; Qin, L.; Zheng, Y. Biodegradable metal-derived
magnesium and sodium enhances bone regeneration by angiogenesis aided osteogenesis and regulated biological apatite
formation. Chem. Eng. ]. 2020, 410, 127616. [CrossRef]

Antoniac, I.; Miculescu, M.; Manescu, V.; Stere, A.; Quan, PH.; Paltanea, G.; Robu, A.; Earar, K. Magnesium-based alloys used in
orthopedic surgery. Materials 2022, 15, 1148. [CrossRef] [PubMed]

Tian, P; Liu, X. Surface modification of biodegradable magnesium and its alloys for biomedical applications. Regen. Biomater.
2015, 2, 135-151. [CrossRef] [PubMed]

Li, D,; Yuan, Q.; Yu, K,; Xiao, T,; Liu, L.; Dai, Y.; Xiong, L.; Zhang, B.; Li, A. Mg-Zn-Mn alloy extract induces the angiogenesis of
human umbilical vein endothelial cells via FGF/FGFR signaling pathway. Biochem. Biophys. Res. Commun. 2019, 514, 618-624.
[CrossRef] [PubMed]

Mao, L.; Xia, L.; Chang, J.; Liu, J.; Jiang, L.; Wu, C.; Fang, B. The synergistic effects of Sr and Si bioactive ions on osteogenesis,
osteoclastogenesis and angiogenesis for osteoporotic bone regeneration. Acta Biomater. 2017, 61, 217-232. [CrossRef] [PubMed]
Li, T.; He, Y.;; Zhou, ].; Tang, S.; Yang, Y.; Wang, X.J.M.L. Microstructure and mechanical property of biodegradable Mg-1.5 Zn—-0.6
Zr alloy with varying contents of scandium. Mater. Lett. 2018, 229, 60-63. [CrossRef]

Cheng, S.; Ke, J.; Yao, M.,; Shao, H.; Zhou, J.; Wang, M.; Ji, X.; Zhong, G.; Peng, F; Ma, L. Improved osteointegration and
angiogenesis of strontium-incorporated 3D-printed tantalum scaffold via bioinspired polydopamine coating. J. Mater. Sci. Technol.
2021, 69, 106-118. [CrossRef]


http://doi.org/10.1016/j.msec.2021.112041
http://doi.org/10.1016/j.bioactmat.2020.11.026
http://www.ncbi.nlm.nih.gov/pubmed/33313453
http://doi.org/10.1016/j.biomaterials.2015.02.096
http://doi.org/10.1016/j.jma.2019.08.001
http://doi.org/10.1002/advs.202102035
http://doi.org/10.1016/j.bioactmat.2020.04.019
http://doi.org/10.1016/j.actbio.2013.11.016
http://doi.org/10.1016/j.bioactmat.2021.06.018
http://doi.org/10.1093/rb/rbx004
http://doi.org/10.1155/2018/9041694
http://doi.org/10.1016/j.msec.2013.04.054
http://doi.org/10.1016/j.actbio.2019.09.008
http://doi.org/10.3390/ijms23031658
http://doi.org/10.1038/nrm2183
http://doi.org/10.1016/j.bbrc.2020.05.113
http://doi.org/10.1016/j.bioactmat.2022.05.011
http://doi.org/10.1016/j.bbadis.2004.02.004
http://doi.org/10.1016/j.cej.2020.127616
http://doi.org/10.3390/ma15031148
http://www.ncbi.nlm.nih.gov/pubmed/35161092
http://doi.org/10.1093/rb/rbu013
http://www.ncbi.nlm.nih.gov/pubmed/26816637
http://doi.org/10.1016/j.bbrc.2019.04.198
http://www.ncbi.nlm.nih.gov/pubmed/31076107
http://doi.org/10.1016/j.actbio.2017.08.015
http://www.ncbi.nlm.nih.gov/pubmed/28807800
http://doi.org/10.1016/j.matlet.2018.06.097
http://doi.org/10.1016/j.jmst.2020.08.017

J. Funct. Biomater. 2022, 13, 261 16 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Zhao, E; Lei, B.; Li, X.; Mo, Y.; Wang, R.; Chen, D.; Chen, X. Promoting in vivo early angiogenesis with sub-micrometer strontium-
contained bioactive microspheres through modulating macrophage phenotypes. Biomaterials 2018, 178, 36—47. [CrossRef]

Lin, Y.-H.; Lee, A.K.-X.; Ho, C.-C.; Fang, M.-].; Kuo, T.-Y.; Shie, M.-Y. The effects of a 3D-printed magnesium-/strontium-doped
calcium silicate scaffold on regulation of bone regeneration via dual-stimulation of the AKT and WNT signaling pathways. Mater.
Sci. Eng. C 2022, 133, 112660. [CrossRef]

Li, T.; He, H.; Yang, Z.; Wang, ].; Zhang, Y.; He, G.; Huang, J.; Song, D.; Ni, J.; Zhou, X. Strontium-doped gelatin scaffolds promote
M2 macrophage switch and angiogenesis through modulating the polarization of neutrophils. Biomater. Sci. 2021, 9, 2931-2946.
[CrossRef]

Wang, Y.; Tie, D.; Guan, R.; Wang, N.; Shang, Y.; Cui, T.; Li, J. Microstructures, mechanical properties, and degradation behaviors
of heat-treated Mg-Sr alloys as potential biodegradable implant materials. J. Mech. Behav. Biomed. Mater. 2018, 77, 47-57.
[CrossRef]

Lin, Z.; Zhao, Y.; Chu, PK,; Wang, L.; Pan, H.; Zheng, Y.; Wu, S.; Liu, X.; Cheung, K.M.; Wong, T. A functionalized TiO, /Mg, TiO4
nano-layer on biodegradable magnesium implant enables superior bone-implant integration and bacterial disinfection. Biomaterials
2019, 219, 119372. [CrossRef]

Song, G.; Song, S. A possible biodegradable magnesium implant material. Adv. Eng. Mater. 2007, 9, 298-302. [CrossRef]
Borciani, G.; Montalbano, G.; Baldini, N.; Vitale-Brovarone, C.; Ciapetti, G. Protocol of co-culture of human osteoblasts and
osteoclasts to test biomaterials for bone tissue engineering. Methods Protoc. 2022, 5, 8. [CrossRef]

Gu, X; Xie, X.; Li, N.; Zheng, Y.; Qin, L. In vitro and in vivo studies on a Mg-Sr binary alloy system developed as a new kind of
biodegradable metal. Acta Biomater. 2012, 8, 2360-2374. [CrossRef]

Li, T.; Zhang, H.; He, Y.; Wen, N.; Wang, X. Microstructure, mechanical properties and in vitro degradation behavior of a novel
biodegradable Mg-1.5 Zn-0.6 Zr-0.2 Sc alloy. |. Mater. Sci. Technol. 2015, 31, 744-750. [CrossRef]

Zhang, X.; Wang, H.; Yan, B.; Zou, C.; Wei, Z. The effect of grain refinement and precipitation strengthening induced by Sc or Er
alloying on the mechanical properties of cast Al-Li-Cu-Mg alloys at elevated temperatures. Mater. Sci. Eng. A 2021, 822, 141641.
[CrossRef]

Suresh, M.; Sharma, A.; More, A.; Nayan, N.; Suwas, S. Effect of Scandium addition on evolution of microstructure, texture and
mechanical properties of thermo-mechanically processed Al-Li alloy AA2195. J. Alloys Compd. 2018, 740, 364-374. [CrossRef]
Wang, J.; Ma, Y.; Guo, S.; Jiang, W.; Liu, Q. Effect of Sr on the microstructure and biodegradable behavior of Mg—Zn-Ca-Mn alloys
for implant application. Mater. Des. 2018, 153, 308-316. [CrossRef]

Sadeghi, A.; Hasanpur, E.; Bahmani, A.; Shin, K.S. Corrosion behaviour of AZ31 magnesium alloy containing various levels of
strontium. Corros. Sci. 2018, 141, 117-126. [CrossRef]

Cheng, R.; Pan, F; Jiang, S.; Li, C,; Jiang, B.; Jiang, X. Effect of Sr addition on the grain refinement of AZ31 magnesium alloys.
Prog. Nat. Sci. Mater. Int. 2013, 23, 7-12. [CrossRef]

StJohn, D.; Easton, M.; Qian, M.; Taylor, J. Grain refinement of magnesium alloys: A review of recent research, theoretical
developments, and their application. Met. Mater. Trans. A 2013, 44, 2935-2949. [CrossRef]

Li, W.; Shen, Y; Shen, J.; Shen, D.; Liu, X.; Zheng, Y.; Yeung, K.W.; Guan, S.; Kulyasova, O.B.; Valiev, R. In vitro and in vivo
studies on pure Mg, Mg—1Ca and Mg-2Sr alloys processed by equal channel angular pressing. Nano Mater. Sci. 2020, 2, 96-108.
[CrossRef]

Fan, Y.; Wu, G.H.; Zhai, C.Q. Effect of strontium on mechanical properties and corrosion resistance of AZ91D. In Materials Science
Forum; Trans Tech Publications Ltd.: Bach, Switzerland, 2007; pp. 567-570.

Liu, J.; Lin, Y; Bian, D.; Wang, M.; Lin, Z.; Chu, X,; Li, W.; Liu, Y,; Shen, Z; Liu, Y. In vitro and in vivo studies of Mg-30Sc alloys
with different phase structure for potential usage within bone. Acta Biomater. 2019, 98, 50-66. [CrossRef] [PubMed]

Medvedev, A.; Neumann, A.; Ng, H.; Lapovok, R.; Kasper, C.; Lowe, T.; Anumalasetty, V.; Estrin, Y. Combined effect of grain
refinement and surface modification of pure titanium on the attachment of mesenchymal stem cells and osteoblast-like SaOS-2
cells. Mater. Sci. Eng. C 2017, 71, 483-497. [CrossRef] [PubMed]

Fayomi, O.; Joseph, O.; Mubiayi, M.; Durodola, B.; Gabriel, O. Microstructural evolution and characterization of super-induced
MgO composite on zinc-rich coatings. Eqypt. ]. Basic Appl. Sci. 2016, 3, 1-9. [CrossRef]

Khalajabadi, S.Z.; Kadir, M.R.A.; Izman, S.; Marvibaigi, M. The effect of MgO on the biodegradation, physical properties and
biocompatibility of a Mg/HA /MgO nanocomposite manufactured by powder metallurgy method. J. Alloys Compd. 2016,
655, 266-280. [CrossRef]

Yao, H.-L.; Xia, J.; Yi, D.-L.; Yang, C.; Zhang, M.-X,; Bai, X.-B.; Chen, Q.-Y.; Wang, H.-T.; Li, S.-B. Microstructure and corrosion
properties of biodegradable Mg/MgO composite coating on Mg alloy prepared by high velocity suspension flame spraying. J.
Therm. Spray Technol. 2021, 30, 1544-1556. [CrossRef]

Stippich, F.; Vera, E.; Wolf, G.; Berg, G.; Friedrich, C. Enhanced corrosion protection of magnesium oxide coatings on magnesium
deposited by ion beam-assisted evaporation. Surf. Coat. Technol. 1998, 103, 29-35. [CrossRef]

Banerjee, P; Hasda, R.; Murmu, M.; Hirani, H. MgO as corrosion inhibitor. In Inorganic Anticorrosive Materials; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 183-210.

Ke, D.; Tarafder, S.; Vahabzadeh, S.; Bose, S. Effects of MgO, ZnO, SrO, and SiO;, in tricalcium phosphate scaffolds on in vitro
gene expression and in vivo osteogenesis. Mater. Sci. Eng. C 2019, 96, 10-19. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2018.06.004
http://doi.org/10.1016/j.msec.2022.112660
http://doi.org/10.1039/D0BM02126A
http://doi.org/10.1016/j.jmbbm.2017.08.028
http://doi.org/10.1016/j.biomaterials.2019.119372
http://doi.org/10.1002/adem.200600252
http://doi.org/10.3390/mps5010008
http://doi.org/10.1016/j.actbio.2012.02.018
http://doi.org/10.1016/j.jmst.2015.02.001
http://doi.org/10.1016/j.msea.2021.141641
http://doi.org/10.1016/j.jallcom.2017.12.045
http://doi.org/10.1016/j.matdes.2018.04.062
http://doi.org/10.1016/j.corsci.2018.06.018
http://doi.org/10.1016/j.pnsc.2013.01.001
http://doi.org/10.1007/s11661-012-1513-x
http://doi.org/10.1016/j.nanoms.2020.03.004
http://doi.org/10.1016/j.actbio.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/30853611
http://doi.org/10.1016/j.msec.2016.10.035
http://www.ncbi.nlm.nih.gov/pubmed/27987735
http://doi.org/10.1016/j.ejbas.2015.05.007
http://doi.org/10.1016/j.jallcom.2015.09.107
http://doi.org/10.1007/s11666-021-01214-x
http://doi.org/10.1016/S0257-8972(98)00365-X
http://doi.org/10.1016/j.msec.2018.10.073

J. Funct. Biomater. 2022, 13, 261 17 of 17

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Zhang, X.; Chen, Q.; Mao, X. Magnesium enhances osteogenesis of BMSCs by tuning osteoimmunomodulation. BioMed Res. Int.
2019, 2019, 7908205. [CrossRef]

Lu, W.-C,; Pringa, E.; Chou, L. Effect of magnesium on the osteogenesis of normal human osteoblasts. Magnes. Res. 2017, 30, 42-52.
[CrossRef]

Li, D.; Zhang, D.; Yuan, Q.; Liu, L,; Li, H.; Xiong, L.; Guo, X,; Yan, Y;; Yu, K; Dai, Y. In vitro and in vivo assessment of the effect of
biodegradable magnesium alloys on osteogenesis. Acta Biomater. 2022, 141, 454-465. [CrossRef]

Li, Z.; Gu, X;; Lou, S.; Zheng, Y. The development of binary Mg—Ca alloys for use as biodegradable materials within bone.
Biomaterials 2008, 29, 1329-1344. [CrossRef]

Liu, C; Fu, X,; Pan, H.; Wan, P; Wang, L.; Tan, L.; Wang, K.; Zhao, Y.; Yang, K.; Chu, PK. Biodegradable Mg-Cu alloys with
enhanced osteogenesis, angiogenesis, and long-lasting antibacterial effects. Sci. Rep. 2016, 6, 27374. [CrossRef]

Aimaiti, A.; Maimaitiyiming, A.; Boyong, X.; Aji, K.; Li, C.; Cui, L. Low-dose strontium stimulates osteogenesis but high-dose
doses cause apoptosis in human adipose-derived stem cells via regulation of the ERK1/2 signaling pathway. Stem Cell Res. Ther.
2017, 8, 282. [CrossRef]

Park, ] W.; Kim, Y.J.; Jang, ]. H.; Song, H. Positive modulation of osteogenesis-and osteoclastogenesis-related gene expression
with strontium-containing microstructured Ti implants in rabbit cancellous bone. J. Biomed. Mater. Res. Part A 2013, 101, 298-306.
[CrossRef]

Li, J.; Yang, L.; Guo, X.; Cui, W.; Yang, S.; Wang, J.; Qu, Y,; Shao, Z.; Xu, S. Osteogenesis effects of strontium-substituted
hydroxyapatite coatings on true bone ceramic surfaces in vitro and in vivo. Biomed. Mater. 2017, 13, 015018. [CrossRef]

Zhang, W.; Cao, H.; Zhang, X,; Li, G.; Chang, Q.; Zhao, J.; Qiao, Y.; Ding, X.; Yang, G.; Liu, X. A strontium-incorporated
nanoporous titanium implant surface for rapid osseointegration. Nanoscale 2016, 8, 5291-5301. [CrossRef]

Zhou, H; Liang, B.; Jiang, H.; Deng, Z.; Yu, K. Magnesium-based biomaterials as emerging agents for bone repair and regeneration:
From mechanism to application. J. Magnes. Alloy. 2021, 9, 779-804. [CrossRef]

Wang, Y.; Geng, Z.; Huang, Y;; Jia, Z.; Cui, Z.; Li, Z.; Wu, S.; Liang, Y.; Zhu, S.; Yang, X. Unraveling the osteogenesis of magnesium
by the activity of osteoblasts in vitro. ]. Mater. Chem. B 2018, 6, 6615-6621. [CrossRef]

Li, M,; Yang, X.; Wang, W.; Zhang, Y.; Wan, P; Yang, K.; Han, Y. Evaluation of the osteo-inductive potential of hollow three-
dimensional magnesium-strontium substitutes for the bone grafting application. Mater. Sci. Eng. C 2017, 73, 347-356. [CrossRef]
[PubMed]

Li, M.; He, P; Wu, Y.; Zhang, Y.; Xia, H.; Zheng, Y.; Han, Y. Stimulatory effects of the degradation products from Mg-Ca-Sr alloy
on the osteogenesis through regulating ERK signaling pathway. Sci. Rep. 2016, 6, 32323. [CrossRef] [PubMed]

Han, Y.; Zhou, J.; Lu, S.; Zhang, L. Enhanced osteoblast functions of narrow interligand spaced Sr-HA nano-fibers/rods grown on
microporous titania coatings. RSC Adv. 2013, 3, 11169-11184. [CrossRef]

Wang, Q.; Tang, P; Ge, X,; Li, P; Lv, C.; Wang, M.; Wang, K.; Fang, L.; Lu, X. Experimental and simulation studies of
strontium/zinc-codoped hydroxyapatite porous scaffolds with excellent osteoinductivity and antibacterial activity. Appl. Surf.
Sci. 2018, 462, 118-126. [CrossRef]

Boda, S.K,; Thrivikraman, G.; Panigrahy, B.; Sarma, D.D.; Basu, B. Competing roles of substrate composition, microstructure, and
sustained strontium release in directing osteogenic differentiation of hMSCs. ACS Appl. Mater. Interfaces 2017, 9, 19389-19408.
[CrossRef]

Yu, Y.; Jin, G.; Xue, Y.; Wang, D.; Liu, X,; Sun, J. Multifunctions of dual Zn/Mg ion co-implanted titanium on osteogenesis,
angiogenesis and bacteria inhibition for dental implants. Acta Biomater. 2017, 49, 590-603. [CrossRef]

Yan, R.; Li, J.; Wu, Q.; Zhang, X.; Hu, L.; Deng, Y.; Jiang, R.; Wen, J.; Jiang, X. Trace element-augmented titanium implant with
targeted angiogenesis and enhanced osseointegration in osteoporotic rats. Front. Chem. 2022, 10, 839062. [CrossRef]

Ramasamy, S.K.; Kusumbe, A.P; Wang, L.; Adams, R.H. Endothelial Notch activity promotes angiogenesis and osteogenesis in
bone. Nature 2014, 507, 376-380. [CrossRef]

Diomede, F.; Marconi, G.D.; Fonticoli, L.; Pizzicanella, J.; Merciaro, I.; Bramanti, P.; Mazzon, E.; Trubiani, O. Functional relationship
between osteogenesis and angiogenesis in tissue regeneration. Int. J. Mol. Sci. 2020, 21, 3242. [CrossRef]

Qin, W.; Kolooshani, A.; Kolahdooz, A.; Saber-Samandari, S.; Khazaei, S.; Khandan, A.; Ren, F; Toghraie, D. Coating the
magnesium implants with reinforced nanocomposite nanoparticles for use in orthopedic applications. Colloids Surf. A Physicochem.
Eng. Asp. 2021, 621, 126581. [CrossRef]

Sahmani, S.; Saber-Samandari, S.; Khandan, A.; Aghdam, M.M. Influence of MgO nanoparticles on the mechanical properties
of coated hydroxyapatite nanocomposite scaffolds produced via space holder technique: Fabrication, characterization and
simulation. J. Mech. Behav. Biomed. Mater. 2019, 95, 76-88. [CrossRef]


http://doi.org/10.1155/2019/7908205
http://doi.org/10.1684/mrh.2017.0422
http://doi.org/10.1016/j.actbio.2021.12.032
http://doi.org/10.1016/j.biomaterials.2007.12.021
http://doi.org/10.1038/srep27374
http://doi.org/10.1186/s13287-017-0726-8
http://doi.org/10.1002/jbm.a.34433
http://doi.org/10.1088/1748-605X/aa89af
http://doi.org/10.1039/C5NR08580B
http://doi.org/10.1016/j.jma.2021.03.004
http://doi.org/10.1039/C8TB01746H
http://doi.org/10.1016/j.msec.2016.12.028
http://www.ncbi.nlm.nih.gov/pubmed/28183618
http://doi.org/10.1038/srep32323
http://www.ncbi.nlm.nih.gov/pubmed/27580744
http://doi.org/10.1039/c3ra23425h
http://doi.org/10.1016/j.apsusc.2018.08.068
http://doi.org/10.1021/acsami.6b08694
http://doi.org/10.1016/j.actbio.2016.11.067
http://doi.org/10.3389/fchem.2022.839062
http://doi.org/10.1038/nature13146
http://doi.org/10.3390/ijms21093242
http://doi.org/10.1016/j.colsurfa.2021.126581
http://doi.org/10.1016/j.jmbbm.2019.03.014

	Introduction 
	Materials and Methods 
	Mg Alloy Fabrication 
	Microstructure Characterization 
	Angiogenesis 
	Osteogenesis 
	Statistical Analysis 

	Results 
	Microstructure Characterization 
	Angiogenesis 
	Osteogenesis 

	Discussion 
	Conclusions 
	References

