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Biodegradable metals have great attraction to become orthopaedic implants. Here, we demonstrated a biode-
gradable magnesium alloy incorporated with essential element sodium through Sn-Na master alloying technique.
The designed MgSnZnNa alloy presented better hardness and corrosion resistance due to the uniform distribution
of Na in Mg,Sn second phase and solid soluble Zn in Mg matrix. The co-release of Mg and Na ions resulted in
advanced upregulation of osterix and osteocalcin expression in adipose derived stem cells in vitro. It significantly

promoted the rat calvarial defect bone regeneration through osteogenesis and angiogenesis, attributed to the co-
release of Na and Mg ions, by increasing the expression of calcitonin gene-related peptide, osteocalcin as well as
vascular endothelial growth factor. The current study provided an innovative approach by using master alloy to
incorporate essential elements (such as Na or K) for fabricating biodegradable Mg alloys with reduced galvanic
corrosion and enhanced biological functions.

1. Introduction

Biodegradable magnesium (Mg) alloys have attracted great attention
in research and development (R&D) of medical implants in the past
decades because of their biodegradability and biocompatibility [1,2].
Significant milestones include but are not limited to mechanism
explanatory of calcitonin gene-related peptide (CGRP) involved in
Mg%*-induced osteogenesis [3], commercial products in terms of bone
screws [4,5] and coronary stents [6], through translational progress and
clinical trials [7,8], as well as better understanding of the corrosion
behavior of Mg-based biodegradable metals [9-11]. Despite the progress
made for commercial products, concerns remain regarding the uncer-
tainty of chronic toxicity in either aluminum and/or rare earth metals
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that are widely used in Mg-based biodegradable metals, in which these
elements aid corrosion resistance of alloys both in vitro and in vivo
[12,13].

Alkali elements (such as K and Na) which are essential elements in
human body possess the potential as alloying elements for design of new
biodegradable Mg alloys [1]. Especially, Na (Sodium) accounts for
0.2wt% in adult body weight with 40%-45% of it in skeletons. It is
involved in multiple metabolic functions, including maintaining fluid
electrolyte balance, osmotic pressure balance and acid-base balance,
cardiomyocyte excitability, blood pressure, Ca homeostasis, and enzyme
activities [14]. In specific, Na is the component of biological apatite (Ca,
Na,Mg)10(PO4,HPO4,CO3)s(OH,F,Cl)5 [15]. Despite the high reactivity
alkali elements have, previous studies have shown that Mg-based second
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phases with alkaline earth metal element Ca can work as anodes during
the corrosion of biodegradable Mg alloys to protect matrix, and the
refinement and well-distribution of the second phase can significantly
lower the corrosion rate of the alloy [16]. However, to incorporate alkali
elements into biodegradable Mg alloys faces challenges; the difficulties
lie in that (1) these elements (Na and K) do not form second phases with
Mg, which makes its sole existence detrimental to the corrosion resis-
tance due to galvanic corrosion, and (2) their boiling points are much
lower which may cause extra thermal ablation.

Micro-alloying is the concept commonly used in steel, where the
addition of the alloyed element (i.e. vanadium, niobium and/or tita-
nium) is very limited but leads to significant improvement of strength
and toughness [17]. Micro-alloying is an emerging concept in biode-
gradable zinc alloy development as well. Recent studies reported that
the micro-alloyed Zn-Mg, Zn-Mn and Zn-Li experienced significantly
increased mechanical properties [18-21]. In addition, micro-alloying
makes it possible to incorporate Na into biodegradable magnesium al-
loys. Na and Sn (Tin) can form master alloy, by which means Na can be
incorporated to biodegradable Mg alloys [22]. In addition, Sn is a well-
recognized alloying element for biodegradable Mg alloys [23]. The
addition of Sn can refine grain size and improve the mechanical prop-
erties with appropriate addition amount [23-26]. Sn is involved in the
synthesis of thymosin, and may improve the synthesis of protein and
nucleic acid, and the organics of Sn may exert antitumor effects [27]. Zn
(Zinc) can enhance the mechanical properties and corrosion resistance
while maintaining benign biocompatibility [28]. Furthermore, Zn can
stimulate bone formation and mineralization by directly activating
aminoacyl-tRNA synthetase in osteoblastic cells and stimulating cellular
protein synthesis [29].

In the present study, in order to increase the mechanical property
and corrosion resistance with essential element Na, by using Sn-Na
master alloy, Na was micro-alloyed to fabricate MgSnZnNa alloy, and
for the first time to investigate its potential as biodegradable Mg scaf-
fold, with comparison to high purity Mg and Na-free MgSnZn alloy both
in vitro and in vivo. Their mechanical properties, corrosion resistance,
cell viability and ability for calvarial defect regeneration have been
compared.

2. Materials and methods
2.1. Material microstructure and mechanical properties

As-cast Mg4.6Sn2.47Zn0.07Na and as-extruded Mg6Sn5Zn0.3Na al-
loys were evaluated. Details on the fabrication and treatment of
Mg6Sn5Zn0.3Na alloy can be found in our previous work [30]. Samples
extruded at 723 K was the focus of the current study. Mg6Sn5Zn alloy
with the same treatment as well as high purity Mg worked as control.
High-angle annular dark-field scanning transmission electron micro-
scope (HAADF-STEM) using JEOL 2100F instrument (JEOL Ltd., Japan)
coupled with energy dispersive spectroscopy (EDS) was employed at
200 kV. Samples for STEM were mechanically ground followed by ion
milling to electron transparency with Gatan precision ion polishing
system (PIPS). Samples with a diameter of 5 mm and a thickness of 2 mm
were used for in vitro corrosion tests, and with a diameter of 5mm and a
thickness of 0.3 mm were adopted for in vivo model. X-ray diffractometer
(XRD DMAX 2400, Rigaku) with Cu Ka radiation was used with a scan
rate of 4°/min. Microhardness test was conducted via HVM-1000 tester
(Shimadzu Corp., Japan). Data points were collected from 3 samples and
for each sample, 3 random positions were selected for the testing.

2.2. In vitro biodegradation

Bulk pure Mg, Mg6Sn5Zn and Mg6Sn5Zn0.3Na alloy samples were
cut and polished for electrochemical tests and immersion test. A three-
electrode cell with a platinum plate as the counter-electrode and a
saturated calomel electrode (SCE) as reference electrode was utilized for
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electrochemical evaluation in Hank’s solution at room temperature. The
electrochemical test was conducted to obtain Open Circuit Potential
(OCP), corrosion potential (E,), corrosion current density (I.o) and
corrosion rate. The immersion test was conducted in Hank’s solution at
37°C with a solution volume/surface area ratio (V/S) of 20 ml-cm 2.
The pH change of the soaking solution was recorded daily for 20 d. For
each experiment, 3 to 4 replicates were tested. After 3 d and 20 d im-
mersion test, the corroded surface was rinsed with deionized water and
dried for Scanning Electron Microscope (Hitachi S-4800 Emission
Scanning Electron Microscopy, Japan) coupled with EDX.

2.3. Cell viability, morphology and PCR

MC3T3-E1 cells were used for cell viability test. In brief, cells were
cultured in Dulbecco’s Modified Eagle Media (DMEM) supplemented
with 10% Fetal Bovine Serum (FBS), 100 U-ml ! penicillin and
100 g-ml~! streptomycin in a humidified atmosphere with 5% CO, at
37 °C. Sterilized samples were incubated in the culture media for 1 day
at an extraction ratio of 1cm?ml™! to prepare extracts. 1day after
seeding of cells in 96 well plate at a density of 5 x 10 cells per 100 pL
media, the culture media was replaced by extracts. At 1, 3 and 5 days
before testing, the extracts were replaced by the cell culture medium to
avoid interference [31]. Cell Counting Kit-8 (CCK-8, Dojindo Molecular
Technologies, Japan) was utilized for cell viability. Cell morphology
after 1 d culture in extract was observed via Confocal Microscope (A1R-
si, Nikon) by staining FITC-phalloidin dye for microfilament and DAPI
for nuclei. Mouse Adipose Derived Mesenchymal Stem Cells (ADSC,
Cyagen) were adopted to test the osteogenesis in vitro. The cells, received
in frozen form, were thawed, plated and expanded until passage 3.
DMEM with addition of 10% FBS and antibiotics was prepared as growth
media, whilst osteogenic media was purchased from Cyagen (Cat. No.
GUXMX-90021), which composes of basal medium, FBS, Penicillin-
Streptomycin, Glutamine, Ascorbate, -Glycerophosphate and Dexa-
methasone. Passage 3 cells were seeded into 24 well plate at an initial
seeding density of 3 x 103 cells per 100 pL media. To test the effects of
Mg-Na co-release, MgCl, and NaCl were used to evaluate the impact on
osteogenesis. 1 mM MgCl, or 1 mM MgCl; plus 3.6 pM NaCl (based on
the weight ratio calculation from Mg6Sn5Zn0.3Na alloy) were added to
growth media and osteogenic media every three days when replacing
the media. At 7 and 14 days after cell culture, RNA were collected by
using Trizol reagent under the protocol from the manufacture. Pure RNA
was then converted to cDNA via iscript cDNA synthesis kit (Bio-Rad),
and the cDNA was mixed properly with primers and universal sybr green
master mix (Bio-Rad) and ran through an RT-qPCR machine (ABsystem).
4 primers including Collagen 1, Runx-2, Osteocalcin (OCN) and Osterix
were tested with beta-actin working as housekeeping gene. The data was
calculated by 2724 method. Gene sequence can be found in Table 4.

2.4. Animal model and surgery

Totally 45 male Sprague Dawley Rats at the age of 4 months were
utilized to evaluate the in vivo regeneration of the calvarial defect model.
The in vivo model was approved by the Animal Experimentation Ethics
Committee (AEEC) of the Chinese University of Hong Kong (15-207MIS-
5C) and the surgery was conducted following a published protocol [32].
A 5mm in diameter hole was created. Sterilized Mg alloys (Mg6Sn5Zn
and Mg6Sn5Zn0.3Na) with 5mm in diameter and 0.3 mm in thickness
were implanted as scaffolds. The group with surgery but without im-
plantation defines the Blank group. Several holes with a diameter of
600 pm were punched on the scaffolds to allow better blood circulation.
6 weeks and 12 weeks post-surgery, rats (n =6 for each group at each
time point) were executed for micro-CT, histological and immunohis-
tochemistry evaluations. In another experiment, to test the relationship
between angiogenesis and osteogenesis, 9 rats were randomly assigned
to three groups, including blank repair group, Mg6Sn5Zn0.3Na
implanted group + drug vehicle (saline containing 0.1% DMSO), and
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Fig. 1. Alloy microstructure, composition and mechanical properties. a HAADF-STEM image and corresponding EDS maps of Mg6Sn5Zn0.3Na. Na is uniformly
distributed in the Sn-containing second phase (Mg,Sn). It does not just coat the second phase surface but also inside the spherical second phase. b Phase composition
acquired via X-ray diffraction (XRD). b Microhardness comparison of the alloys. The data (n = 9) were expressed as mean + standard deviation (SD). ***: p < 0.001.

Mg6Sn5Zn0.3Na + VEGFR-2 inhibitor SU5416 group (n=3 rats per
group). SU5416 (Cat. No.: HY-10374, 100 pM, 0.1 ml/48h) was sub-
cutaneously injected (above the calvarial defect region). At week 3, the
rats from all groups were perfused with micro-fil (a contrast) before
sacrificed. After processed to micro-CT angiography immediately (no
bone islands could be detected at this time point according to our pilot
study), the fresh samples were homogenized with protein extraction
buffer (RIPA), to analyze the osteogenic markers with western blotting.

2.5. Micro-Computed Tomography (Micro-CT) and angiography

Samples were wrapped in wet gauze and fitted in the sample tube
before micro-CT scanning (uCT40, Scanco Medical, Briittisellen,
Switzerland). The samples were scanned under 70 kVp, 114 pA, and
190 ms of integration time, with resolution set at 15 um per voxel and
1024 x 1024 pixels. The region of interest (ROI) was selected from 2D
images with set thresholds (>180) as mineralized tissue, according to
the tuning. 3D reconstruction of the mineralized tissue was performed. A
low-pass Gaussian filter (Sigma = 0.8, Support =1.0) was used for 3D
reconstruction. Quantitative analysis involved all slides of the 2D im-
ages. Morphometric parameters included total volume (TV), bone vol-
ume (BV), and BV/TV were analyzed. For angiography, the vessels were
mapped with threshold set at >180.

2.6. Fluorescence labelling, histological and immunohistochemistry (IHC)

Sequential fluorescent labelling was adopted to evaluate new bone
formation. At 4 weeks and 10 weeks post-surgery, Calcein green (CG,
5 mg/kg, Sigma-Aldrich, USA) was injected subcutaneously. At 5 weeks
and 11 weeks post-surgery, Xylenol Orange (XO, 90 mg/kg, Sigma-
Aldrich, USA) was injected in the same way. At 6 weeks and 12 weeks
post-surgery, rats were executed, and regions of interest (ROI) were
embedded in methyl methacrylate (MMA). A fluorescence microscope
(Leica Q500MC, Leica, Germany) was utilized for observation. As for
histological and IHC, samples were decalcified and embedded in
paraffin. Hematoxylin and Eosin (H&E) staining were adopted for his-
tological, Calcitonin gene related peptide (CGRP), Osteocalcin (OCN)

and basic fibroblast growth factor (bFGF) and Vascular Endothelial
Growth Factor (VEGF) antibody (Abcam, UK) were selected for IHC.

2.7. Regenerative tissue hardness and element distributions

12 weeks post-surgery, sample slices were collected and measured
for microhardness (SHIMADZU Dynamic Ultra-micro Hardness Tester
DUH-211/DUH-2118, Japan) at a load of 245 mN with 10 s loading time
and 5 s unloading time. Both the defect interface and non-defect inter-
face were tested. 5 replicates were measured. To verify the element
distribution in regenerative tissue 12 weeks post-surgery, unstained
sections were polished, rinsed in deionized water and dried in air. Af-
terwards, sample images were captured with SEM couple with EDS.
Three replicates are utilized.

2.8. Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test was used. A p-value <0.05, p-value <0.01, p-value <0.001,
respectively was considered statistically significant.

3. Results
3.1. Characterization of biodegradable MgSnZnNa alloys

High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM, Fig. 1a) showed element distribution in the
Mg6Sn5Zn0.3Na alloy used in the current study. Na was evenly
distributed throughout the Sn-containing secondary phase, with no
preference for partitioning to particle/matrix interface. This indicated
that Na was not only deposited on the surface but also diffused into the
particles, because of the post treatment. Zn remained mostly in solid
solution in the a-Mg matrix. For alloy composition, no peaks of Zn-
containing phase were found on XRD (Fig. 1b) after the addition of
Sn, Zn and Na, compared with high purity Mg. Higher concentration of
Sn and Zn resulted in the higher intensity of Mg,Sn. Besides, according
to Fig. laand Fig. 1b, it could be concluded that all the alloys added with
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Fig. 2. In vitro biodegradation test. a potentiodynamic polarization test. b pH value monitoring during immersion in Hank’s solution. Mg6Sn5Zn0.3Na presented
similar trend to high purity Mg, which is significantly lower than Mg4.65n2.4Zn0.07Na or Mg6Sn5Zn. ¢ surface corrosion products morphologies after 3d (c1-c4) and
20 d (c5-c8) immersion. c1 and ¢5 pure Mg, c2 and ¢6. Mg4.6Sn2.4Zn0.07Na, c¢3 and c¢7 Mg6Sn5Zn, c4 and c8 Mg6Sn5Zn0.3Na. d EDS mapping of Mg, Na, Zn, Ca, P,
Sn and O distribution of the labelled zone in ¢8. Mg6Sn5Zn0.3Na after 20 days immersion presented even corrosion products formation which contained large

amount of Ca, P, as well as Na, Sn and Zn.

Table 1
Open circuit potential, corrosion potential (E..,), corrosion current density
(I.orr) and corrosion rate values obtained from the electrochemical tests.

OCP (Vscr) Ecorr (Vscg) Lorr Corrosion rate
(WAem™)  (mmy ")
Pure Mg —(1.62£0.03) —(1.55+0.01) 7.8+ 0.5 0.18 +0.01
Mg-4.6Sn- —(1.57 £0.01) —(1.54+£0.01) 16+1 0.35+0.03
2.4Zn-
0.07Na
Mg-6Sn- —(1.59 £0.02) —(1.57 +£0.03) 14+1 0.32+0.01
5Zn
Mg-6Sn- —(1.56 £0.01) —(1.50+0.01) 9+3 0.19+0.07
5Zn-
0.3Na

Zn remained mostly in solid solution in the a-Mg matrix. Since no Mg-Zn
based second phase formed and no solid solubility of Na in Mg was
observed, Na partitioned only to the Mg-Sn secondary phase. Moreover,
Mg6Sn5Zn0.3Na resulted in 106%, 17% and 15% higher hardness than
pure Mg, Mg4.6Sn2.4Zn0.07Na and Mg6Sn5Zn counterpart (Fig. 1c),
respectively, due to the diffusion of micro-alloyed Na into MgsSn phase.

3.2. In vitro biodegradation

The in vitro biodegradation properties were determined by electro-
chemical test and immersion test. Fig. 2a presented the potentiodynamic
polarization curve, with the calculated OCP, E o, Lo and corrosion rate
presented as Table 1. The combined addition of Sn, Zn and Na altered
the OCP and E.,. However, the addition of Na did not lower the OCP
and E,, as compared with Mg6Sn5Zn. This could be ascribed to the fact
that Na presented a uniform distribution in second phase, which reduced
the negative effects on corrosion potential. In addition, micro-alloyed Na
along with its distribution after the post-treatment helped to decrease
the corrosion potential difference between the a-Mg matrix and second
phase, resulting in a doubled corrosion resistance compared to
Mg6Sn5Zn, due to a reduced galvanic effect between the matrix and the
second phase. Actually, the even distribution of Na in Mg,Sn is critical to
the corrosion resistance. It’s known that the galvanic effect between
matrix and second phase in Mg alloy corrosion weakens the corrosion
resistance of Mg alloys, regardless of who plays the role of cathode [33].
The idea to use rare earth elements in Mg alloys is considered to reduce
the corrosion potential difference between the matrix and second phase
as well as purify the alloy matrix and therefore reduce the galvanic effect
[34,35]. If Na deposition on MgySn only formed a shell, it would
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Table 2
EDS results (at.%) of the corrosion products after 3 days immersion in Hank’s
solution.

C ) Na Ca Mg P Zn Sn
Pure Mg 488 6697 \ 13.70 6.45 8.00 \ \
Mg-4.6Sn- 584 72.69 0.1 1.57 17.46 1.82 032 0.18
2.4Zn-
0.07Na
Mg-6Sn-5Zn 3.24 55.06 \ 11.02 21.78 7.13 0.86 0.52

Mg-6Sn-5Zn-  3.04 59.15 1.02 16.16 11.39 8.85 0.01 0.39
0.3Na

Table 3
EDS results (at.%) of the corrosion products after 20 days immersion in Hank’s
solution.

C o Na Ca Mg P Zn Sn
Pure Mg 4.44 71.70 \ 11.64 4.22 8.00 \ \
Mg-4.6Sn- \ 68.39 \ 0.02 30.54 0.21 0.68 0.16
2.4Zn-
0.07Na
Mg-6Sn- 2.87 7396 \ \ 17.11 \ \ \
5Zn
Mg-6Sn- 473 6252 056 15.01 6.33 1041 \ 0.43
5Zn-
0.3Na
Table 4

Gene sequence for RT-qPCR.

Forward (5'-3") Reverse (5'-3")

p-actin TCC TCC TGA GCG CAA GTA CGG ACT CAT CGT ACT CGT
CICT GCTT
Collagen 1 CCA AGA AGA CATCCCTGAAG  GTG CCA TTG TGG CAG ATA
Runx-2 AAT GCC TCC GCT GTT ATG GGG AGG ATT TGT GAA GAC
TG
Osteocalcin ~ CAA GCA GGA GGG CAATAAG  CGT CAC AAG CAG GGT TAA G
Osterix GGA AAG GAG GCACAAAGAA  GTC CAT TGG TGC TTG AGA A

introduce a third electrode in the galvanic effect, and probably the
corrosion resistance will not be as good as the current form.

Fig. 2b revealed the pH change of the Hank’s solution during in vitro
degradation of the alloys. Significant difference occurred 72h after
immersion, when the pH change rates (curve slope) of Mg6Sn5Zn0.3Na
and high purity Mg were comparable but those of Mg6Sn5Zn and
Mg4.6Sn2.4Zn0.07Na  were much higher. The pH value of
Mg4.6Sn2.4Zn0.07Na and Mg6Sn5Zn stabilized at ~10.5 and ~10 after
10 d and 13 d immersion, respectively. In the meantime, high purity Mg
and Mg6Sn5Zn0.3Na reached their highest pH value of ~9.5 at day 20.
Fig. 2c and Fig. 2d presented the surface corrosion products aggregation,
with the detailed EDS elemental composition shown in Table 2 and
Table 3. High purity Mg showed a typical morphology of pitting after 3
d immersion, with C, O, Ca, Mg and P detected via EDS. As for
Mg4.6Sn2.4Zn0.07Na and Mg6Sn5Zn, non-uniform corrosion
morphology with corrosion products as well as cracking emerged
especially after 20 d immersion. In comparison, less corrosion products
were found on the surface of Mg6Sn5Zn0.3Na after 3 d immersion, while
after 20 d immersion quite uniform corrosion products formed. The
corresponding elemental distribution implied large number of Ca and P
deposition on the surface as well as corrosion products related to the
alloy elements Mg, Na, Zn and Sn. Among all the alloys,
Mg6Sn5Zn0.3Na has the most Ca-P deposition (Table 2 and Table 3).
This was in good accordance with previous bioceramic studies in which
the apatite layer increased following the addition of NapO and P205 both
in vitro and in vivo [36,37].
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3.3. In vitro biocompatibility and osteogenesis

The cell morphologies were shown in Fig. 3a. MC3T3-E1 cells per-
formed benign response to the extracts of all the alloys with good
spreading shape. The extract viability was shown in Fig. 3b. In details,
the extracts of Mg6Sn5Zn and Mg6Sn5Zn0.3Na showed decrease to
86 + 3% and 83 + 6% respectively on the viability at Day 1, which was
recovered and showed no significant difference with high purity Mg
after 5 days (P > 0.01). In addition, to test the specific osteogenic effects
of Mg?" and Na*, Mg?* and Na™ were supplemented for both growth
medium and osteogenic medium. With 1 mM Mg?* addition, significant
higher expressions of OCN and Osterix were found after 14 d culture in
growth media. In comparison, the combined addition of 1 mM Mg?* and
3.6 uM Na' was found to upregulate the expression of OCN and Osterix
after 7 d culture in growth medium and upregulate the expression of
OCN in osteogenic media after 14 d differentiation. Moreover, the
combined addition of Mg and Na seemed to advance the upregulated
expression of OCN and Osterix in growth media (Fig. 3c), which might
accelerate the bone regeneration in vivo.

3.4. Rat calvarial defect regeneration

To investigate the effects of Na-incorporated Mg scaffold on bone
regeneration in vivo, calvarial defect model was employed according to
previous protocol in rat (Fig. 4). A 5 mm defect was created with small
holes punched to make the mesh-implant to allow blood vessel ingrowth
(Fig. 4a-f). Micro-CT imaging along with derived bone volume density
(BV/TV) after 6 and 12 weeks were presented in Fig. 5a-b. No significant
bone mineralization (8.82 + 1.09% at week 6 and 7.91 4+ 1.58% at week
12) was found in the blank/sham group over time, while MgSnZn
scaffold showed limited bone mineralization after 6 weeks
(18.38 +£2.03%) and 12weeks (21.41 +2.55%). In comparison, Na-
incorporated Mg scaffold showed a significant higher bone mineraliza-
tion in the defects which accounted for 37.17 + 4.13% after 6 weeks and
42.84 +3.92% after 12weeks. In consistence, pixel-based bone
coverage of the defect showed that the new bone coverage for
MgSnZnNa is 88.48% after 12 weeks implantation, which was much
higher than the MgSnZn (43.02%) or blank (7.49%). Besides, most new
bone was found formed at the edge of the defects in Mg6Sn5Zn group.
According to the scoring system described in the protocol [32], bony
bridging over partial length of defect (scoring 3) and bony bridging
entire span of defect at longest point (diameter) (Scoring 4) were found
in Na-incorporated Mg scaffold 6 weeks and 12 weeks after implanta-
tion, respectively. In contrary, no bony bridging over length was found
in the blank or Mg scaffold groups. The scoring for different group after
6 weeks and 12 weeks was shown in Fig. 5Sc.

The fluorescent labelling of CG and XO was presented in Fig. 6a.
Significant fluorescent labeling of CG and XO were found in both
Mg6Sn5Zn and Mg6Sn5Zn0.3Na 6 weeks post-surgery, while very
limited labeling was found in sham group, indicating the Mg-based
materials in the present study both improved new bone formation.
Furthermore, by comparing Mg6Sn5Zn and Mg6Sn5Zn0.3Na, a signifi-
cantly thicker and more uniformed new bone bridge could be found in
Mg6Sn5Zn0.3Na group, while the new bone thickness varied in the
defect area of Mg6Sn5Zn. At week 12 post-surgery, the new bone
thickness in Mg6Sn5Zn0.3Na group continuously increased compared
with week 6 results. The new bone bridge has formed in the defect area
with a uniform thickness which was similar to the surrounding old bone.
In comparison, neither the blank group nor Mg6Sn5Zn group showed
continuously increased new bone formation between 6 weeks post-
surgery and 12 weeks post-surgery. The sequential fluorescent labeling
results were in good accordance with our previous micro-CT results.

Fig. 6b presented the H&E image of the calvarial defect area 6 weeks
and 12 weeks post-surgery. New bone formed gradually from the pe-
riphery old bone to the middle, from top to bottom for both Mg6Sn5Zn
and Mg6Sn5Zn0.3Na groups. The blank group barely showed new bone
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osteogenic media with extra Mg and Na addition. The data (n = 3) were expressed as mean =+ standard deviation (SD). *: p < 0.05 and **: p < 0.01.

formation 6 weeks and 12 weeks post-surgery. As for Mg6Sn5Zn and
Mg6Sn5Zn0.3Na groups, new bone performed a compact contact to the
surrounding old bone, and more new bone formed on the bottom of the
defect area 12 weeks post-surgery. In comparison, in Mg6Sn5Zn0.3Na
group, not only thicker new bone was observed but also higher reactivity
of new bone osteoblast was found in the defect area, indicating
enhanced regeneration.

To compare the mechanical properties, microhardness test was
conducted with the results plotted in Fig. 6¢. The microhardness of the
non-defect interface in blank group was HV 63 +5, while those in
Mg6Sn5Zn and Mg6Sn5Zn0.3Na groups were HV 73 £ 2 and HV 77 £ 5,
respectively, indicating that the non-defect interface showed a higher
hardness after the implantation of Mg alloys (p < 0.001). As for defect
interface, the microhardness of blank, Mg6Sn5Zn and Mg6Sn5Zn0.3Na
are HV 19 + 2, HV 23 + 3 and HV 36 =+ 4, respectively. Mg6Sn5Zn0.3Na
group presented the highest microhardness compared with blank group
(p <0.001) and Mg6Sn5Zn group (p < 0.01).

Fig. 7 presented the IHC staining of CGRP, OCN, bFGF and VEGF at
6 weeks post-surgery. The results suggested the increased expression of
CGRP in both Mg6Sn5Zn and Mg6Sn5Zn0.3Na groups, and the
Mg6Sn5Zn0.3Na group showed the highest expression. This was in good
accordance with previous study in which Mg induced osteogenesis via
increased CGRP expression [3]. Besides, we also found that the
Mg6Sn5Zn and Mg6Sn5Zn0.3Na implants could enhance the expression
of OCN in vivo, especially after the implantation of Mg6Sn5Zn0.3Na
sample. Previous study has demonstrated that magnesium phosphate
minerals improved the expression of OCN when culturing MC3T3-E1 in
vitro [38]. Meanwhile, the higher expression of OCN in Mg6Sn5Zn0.3Na

(=)}

group was in good accordance with our in vitro PCR results (Fig. 3b,c).
Moreover, our results showed that dramatically higher expression of
VEGF, an angiogenic marker critical for bone formation [39], in
Mg6Sn5Zn0.3Na group than Mg6Sn5Zn and blank groups.

At week 3, angiography showed that Mg6Sn5Zn0.3Na group
distributed with more dense vessels in the defect region, accompanying
with significantly higher expression of OCN and Osterix, as compared to
blank repair group (Fig. 8a-b). SU5416 dramatically blocked the pro-
motive effects of this Mg alloy on angiogenesis and osteogenesis (Fig. 8a-
b). OCN and Osterix were significantly lower in the Mg-alloy implan-
ted 4+ SU5416 treated group as compared to the group received only Mg
alloy implantation, further suggesting that angiogenesis plays an indis-
pensable role in the Mg-alloy-enhanced bone regeneration. Fig. 9 pre-
sented the microstructure as well as elemental distribution in the defect
12 weeks after the implantation of Mg6Sn5Zn0.3Na. A large fraction of
new bone formation was observed with no evidence of scaffold residue.
The zoom-in image showed the microstructure of new bone formed in-
side the defect. Blood capillary-like structures (in accordance with VEGF
staining) were observed inside new bone, indicating the proper function
of new bone formed. C, P, Mg, Na and limited Sn and Zn were found in
the new bone. Interestingly, the composition of Mg and Na along NB
(new bone inside the defect)-Non (non-bone area inside the defect)-OB
(old bone outside the defect) direction followed the same trend, in
which is the most was found in NB and the least in Non group. This was
clearer for Na distribution, where its content in NB is significantly higher
than that in OB (p < 0.01) or Non (p < 0.001). It’s known that both el-
ements Mg and Na are the components of biological apatite/healthy
bone [14]. The element distribution results indicate that both Mg and Na
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Fig. 4. Procedures for establishing the rat calvarial defect model (a-f). g Defect area without implantation. h defect area with MgSnZnNa scaffold implantation.
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elements were involved in the new bone formation during calvarial
defect regeneration, and the co-release of Mg and Na ions possibly
accounted for the better regeneration as observed in Mg6Sn5Zn0.3Na
group.

4. Discussion

In summary, we demonstrate for the first time a Na micro-alloyed
biodegradable Mg-based scaffold that achieves a unique co-release of
Mg and Na for enhancing bone regeneration. This is an aluminum and
rare earth element -free alloy which has achieved increased hardness as
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well as enhanced corrosion resistance at the same time without surface
modification. The even diffusion of Na in Mg,Sn and the solid soluble Zn
in Mg contribute to reduce the galvanic effects of the alloys, with which
a more homogeneous corrosion behavior is observed. Subsequently, we
demonstrate in vivo enhanced bone regeneration in calvarial defect
model in rats, compared with Na-free Mg alloy counterpart.

In practice, bioceramics, including hydroxyapatite (HA) and p-tri-
calcium phosphate (3-TCP), usually have good osteogenic effects due to
the high content of calcium and phosphates. A comparison has been
made to evaluate the osteogenic effects of the present work to recent
calvarial defect regeneration work (Fig. 10a). The mineralized bone
percentage is much higher compared with other Mg alloy or Mg-
modified ceramic and polymer studies [40-48]. Compared with TCP,
HA and cell coculture based materials, the current MgSnZnNa alloy
scaffold also showed superior bone mineralization to most of the works
reported [49-59].

Mg?" is known to promote osteogenesis by upregulating the
expression of CGRP [3], which is also observed in the current study. The
unique property of Mg makes it good composition in orthopedic im-
plants, either as matrix or doped functional ions [60-62]. Zinc is thought
to act on the process of bone-resorbing factors-induced protein kinase C
activation, which is involved in Ca®* signaling in osteoclastic cells. Zinc
plays a role in the preservation of bone mass [63]. More importantly, the
present study demonstrates a Mg-Na co-release strategy for enhanced
bone regeneration (Fig. 10b). The single effect of Na on osteogenesis has
been rarely reported. In specific, a very recent study has also

demonstrated sodium graphene phosphate (NaGP) increased the alka-
line phosphate (ALP) expression of human Mesenchymal Stem Cells and
osteogenic gene expression after 10 d and 14 d culture in growth media,
respectively [64]. Besides, the microalloying of Na significantly pro-
motes the expression of OCN and VEGF besides CGRP in vivo, and the
addition of Na™ upregulates and advanced the expression of OCN during
mouse ADSC osteogenic differentiation in vitro. The addition of Na
makes the alloy more favorable for bone regeneration by promoting
osteogenesis and angiogenesis at the same time. A recent study has
shown that angio-osteogenesis was the mechanism for an implanted
MgCaZn alloy in femoral condyle of Sprague Dawley rats [65]. The
current study, found angiogenesis aided osteogenesis for improved bone
regeneration in a rat calvarial defect model, after the implantation of
newly MgSnZnNa alloy. Despite the coupling effects of angiogenesis and
osteogenesis found in both studies, the different alloy composition and
different implantation site imply that angio-osteogenesis may be the
common underlying mechanism underlying their bone regeneration
effects after in vivo biodegradation. In the present study, the angio-
osteogenesis may be due to the higher expression of CGRP [39]. In the
meantime, the release of Na' can regulate the formation of biological
apatite. It’s known that the carbonate ion can substitute for both OH in
the c-axis apatite (type A carbonate) and the phosphate group (type B
carbonate) in HA. By evaluating various substituted HA, Na-bearing
type A-B carbonate hydroxyapatite is considered similar both in chem-
ical composition and infrared spectra to biological apatite, indicating Na
is indispensable for biological apatite [66]. This is also confirmed by our
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Fig. 7. IHC staining of CGRP, OCN, bFGF and VEGF at 6 weeks post-surgery.

EDS results for the old bone and new bone. Furthermore, biological
apatite formation is considered a multi-step formation including ionic
exchange with medium, amorphous matrix formation, nano-crystals
formation, crystal fusion and crystal growth and c-axis orientation, in
which Na plays significant role throughout [67]. At first, Na™ quickly
occupies some positions in the lattice, enhancing the substitution of PO3"
for CO%’ and promoting the release of MgZJr [67]. Due to Na* substi-
tution, the charge of HAp structure is destabilized, which facilitates the
substitution of PO%’ by CO%’ to balance the total charge. In addition, the
replacement of the phosphate group by a carbonate is charge compen-
sated by the substitution of Na® for Ca?" is energetically favorable
(AHy, = —71kJ mol™1) [68]. In general, Na™ regulates the formation of
biological apatite by increasing the kinetic formation of apatite, facili-
tating the carbonation process and therefore enhancing osteo-
conductivity [67]. However, media extract study needs to be done in the
future to see a full picture of the effects of alloy degradation to osteo-
genesis, as well as if there is any element synergism.

Furthermore, other factors may also be involved during the regen-
eration process. Previous study demonstrated low concentration sup-
plement of Na™ significantly increased the osteogenic transcription of
Cbfal (Core-binding factor al), OPN and OCN, as well as epithelial so-
dium channel (ENaC) gene expression to promote osteogenesis of oste-
oblast [69]. Besides the co-release of Na™ and Mg?" on bone
regeneration, the addition of Na in the current study altered the corro-
sion behavior and therefore the hydrogen evolution rate and the local
pH value, which may also contribute. Researches have shown that
hydrogen can selectively react with the hydroxyl radical (the most
cytotoxic of reactive oxygen species) and therefore protect cells effec-
tively [70]. It has been also reported that hydrogen can prevent

neuronal apoptosis [71]. More importantly, hydrogen can affect the
osteogenic differentiation of stem cells as well [72].

The Mg6Sn5Zn0.3Na alloy is promising not only because the degree
of bone regeneration it achieved in vivo due to the co-release of Mg*
and Na™, but also it provided a new insight to utilize master alloy to
micro-alloy essential elements (such as Na and K) or functional elements
to biodegradable magnesium alloys. The composition of essential ele-
ments or biocompatible elements can eliminate the concern regarding
the potential toxicity of other elements, while the function of the alloy
get enhanced at the same time. However, the challenge remains such as
to precisely control the addition of essential elements in the alloys
during the multi-step casting procedure and post treatments, because of
the high reactivity of these elements. Meanwhile, due to no solubility of
Na in Mg, the single addition of Na may further enhance the corrosion
rate since the two components are both with high reaction activity, as
well as introduce brittleness. Moreover, being essential elements only
means they are safer compared with other alloying elements. Never-
theless, it does not mean that the addition of these elements can be as
much as desirable, as too high addition of essential elements can also
cause body disorders, such as hypertension or hyperkalemia. Last but
not the least, more detailed comparison between this newly fabricated
alloy and other conventional or clinically proven biodegradable alloys
need to be done for better understanding in the future.
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