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Osteoinduction and Osteoconduction Evaluation of Biodegradable
Magnesium Alloy Scaffolds in Repairing Large Segmental Defects in
Long Bones of Rabbit Models
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ABSTRACT: Magnesium (Mg) alloy scaffolds demonstrate promis- \

ing potential for clinical applications in the repair of segmental bone b e

defects. However, the specific mechanisms of osteoconduction and &
Al

Article Recommendations

osteoinduction facilitated by these scaffolds themselves during the
bone reconstruction process remain inadequately defined. This
investigation systematically assesses the properties of MAO-coated
Mg base implants both in vitro and in vivo. Furthermore, it elucidates
the correlation between scaffold characteristics and bone regener-
ation in the repair of extensive long-bone defects, measuring up to 20

mm, without the use of additional bone graft materials. Electro-

chemical measurements and immersion tests conducted in vitro AL ‘ ‘ ‘ ‘
indicate that the MAO coating substantially enhances the corrosion PR 4

resistance of the underlying Mg alloy. Meanwhile, the application of

MAO coatings has been shown to significantly improve cytocompat-

ibility, cellular adhesion, and osteogenic differentiation, as evidenced by the CCK-8 assays, ALP activity measurements, Western blot,
and RT-qPCR in vitro. At 24 weeks postimplantation with the MAO-coated Mg alloy scaffold, the large segmental defects were
effectively repaired concerning both integrity and continuity. The Micro-CT gradual replacement of old bone with new bone on the
implant surface was observed by X-ray and Micro-CT. Meanwhile, the histological results indicated that the MAO-coated Mg alloy
scaffold maintained a robust osteogenic response. In summary, the MAO-coated Mg alloy scaffold independently exhibits effective
osteoconduction and osteoinduction, playing a significant role in bone repair function without the need for additional bone graft
materials.
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1. INTRODUCTION

A critical-size defect in long bones is characterized as a
segmental bone defect that is more than twice (2.0—2.5
times) the diameter of the affected bone, typically resulting
from severe damage due to infection, trauma, and tumor

possessing superior bioactivity and biodegradability is critical to
enhancing tissue regeneration and osseointegration during
critical-size bone defect reconstruction.

Magnesium (Mg) and its alloys are deemed promising
candidates for bone implant materials because of their high

removal that surpasses the body’s innate repair capabilities."”
The primary surgical interventions in orthopedic surgery for
addressing bone defects include autologous, allograft, and metal
material transplantation.”* However, challenges persist due to
the limited supply of autologous bone grafts and associated
donor site complications. Additionally, allograft surgery may
cause immune rejection, culminating in graft failure. © Metals
and alloys (such as titanium, tantalum, stainless steel, etc.) have
been extensively utilized as orthopedic implants due to their
significant role in bone defect’ management despite concerns
over ion release and stress shielding effect that may compromise
surgical outcomes.”” Moreover, permanent retention of some
metal implants post reconstruction poses a long-term risk of
infection in the body. Thus, the introduction of materials
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specific strength, elastic modulus comparable to bone,
biodegradability, and good biocompatibility.'”'" Additionally,
the corrosion byproducts of Mg alloys, namely, magnesium
hydroxide [Mg(OH),] and hydrogen (H,), manifest as
nontoxic entities that can be metabolically excreted through
renal pathways.'> Furthermore, increasing evidence supports
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Table 1. Composition of the Mg—Zn—Nd—Zr Alloy (Weight Percent)

Mg—Zn—Nd—Zr alloy Mg Zn Nd
wt % balance 1.98 0.54

chemical composition
Zr Si Fe Ni Cu
0.59 0.004 0.004 <0.005 <0.005

that Mg ions released from Mg alloy implants post surgery can
promote bone regeneration and accelerate fracture healing,"* ™"
In previous studies, we have also demonstrated that magnesium
alloy not only exhibits commendable biocompatibility but also
fosters osteogenic differentiation of BMSCs.'®'” Upon its
insertion into the organism, concomitant with the degradation
of magnesium alloy implants, a pronounced enhancement in the
rejuvenation and reconstitution of adjacent osseous tissue is
notably observed.'® Moreover, Mg-based implants are beneficial
for the formation of new blood vessels'” and exhibit antibacterial
ability.”” Mg-based orthopedic implants might offer a substantial
advantage over non-Mg-based alternatives in treating bone
ailments, as evidenced by related clinical trials conducted in
Germany,21 South Korea,”* and China.”®> The aforementioned
studies have unequivocally proven that magnesium alloys
possess all of the requisite qualities to serve as the vanguard of
a new era in orthopedic implant materials.

Despite numerous reports on the functionalization of Mg
alloy materials for orthopedic implants, their application in
repairing long-bone defects is limited due to the complex
internal environments and stringent mechanical requirements.
Smith et al.”>* first reported that the rolled AZ31 alloy was
utilized to repair the critical-size defect in the ulna in rabbits,
revealing that while the defect of the ulna was reconstructed
within 12 weeks post implantation, the quality of new bone
regeneration was compromised by the excess hydrogen
produced during the rapid degradation of implants. In a
previous study, we developed a novel Mg alloy scaffold by
casting a hollow cylinder that mimics the shape of the cortical
bone. This scaffold facilitates the inclusion of autologous bone
within its core and features evenly distributed pores on its lateral
walls to promote the growth of surrounding soft tissues and
blood vessels.”” Our findings indicated that the hydrogen
production during degradation could be effectively managed by
tailoring the corrosion behavior of Mg alloy, and the critical-size
ulnar defect (15 mm) was successfully repaired within 12 weeks
of implantation of the Mg alloy scaffold filled with autologous
morselized bone,” suggesting Mg alloy as a viable implant
material for the treatment of critical bone defects.

However, the process of repairing bone defects is intricate,
requiring not only the implantation of bone grafts but also the
intrinsic osteoinductive and osteoconductive properties of the
implant material. Osteoinduction involves recruiting immature
cells and stimulating their differentiation into preosteoblasts,””
while osteoconduction facilitates bone growth directly on the
implant’s surface, a process described as “crawling substitu-
”?% These mechanisms are crucial in the successful
reconstruction of bone defects with implants. However, the
specific role of osteoinduction and osteoconduction in the Mg
alloy scaffold remains obscure in the reconstruction process,
primarily because previous studies predominantly used
autologous bone grafts. In the current study, we have developed
an MAO-coated Mg alloy scaffold to assess its corrosion
resistance both in vivo and in vitro. Additionally, to further
explore the osteogenic properties of the scaffold itself in the
process of repairing bone defects, we implanted empty MAO-
coated Mg alloy scaffolds—without any bone graft materials—

into extensive segmental defects (20 mm) in rabbits. After 24
weeks, we found that the MAO-coated Mg alloy scaffold
successfully repaired the large segmental bone defect of the
rabbit ulna, indicating that the scaffold itself had significant
osteoconduction and osteoinduction.

2. MATERIALS AND METHODS

2.1. Preparation of the Mg Alloy Scaffold. A Mg—Zn—
Nd—Zr alloy served as the substrate material, with its chemical
composition detailed in Table 1. Cylindrical magnesium alloy
tubes were fabricated by using a forging process, measuring 20
mm in length with an inner diameter of 3 mm and an outer
diameter of 4 mm. These tubes featured 28 uniformly
distributed pores, each with a diameter of 1.7 mm. A
calcium—phosphorus self-sealing microarc oxidation (MAO)
coating was applied to the scaffold surface using an electrolyte
system comprising 1.2 g/L Ca(OH),, 8 g/L KF, and 64 g/L
NaPQO;, under conditions of 360 V, 1000 Hz, a duty cycle of
40%, and a duration of 5 min. In addition, the samples were
sectioned into disks (®10 mm X 3 mm) for corrosion testing
and biological evaluation in vitro.

2.2. Corrosion Test. The corrosion resistance of coated
samples was evaluated using an electrochemical workstation
configured with a three-electrode system in Hank’s solution at
37 + 0.5 °C. Electrochemical impedance spectroscopy measure-
ments were conducted across a frequency range of 107>—10° Hz
at an amplitude of 10 mV. Potentiodynamic polarization was
carried out at a scan rate of 0.5 mV/s. The corrosion potential
(Econ) and corrosion current density (I_,,,) were determined by
using the Tafel extrapolation method. The samples were
immersed in Hank’s solution for 28 days at 37 + 0.5 °C with
an exposure ratio of 30 mL/cm? as per ASTM.” Hank’s solution
was refreshed bidaily. Furthermore, the pH values and weight
changes during the immersion period were recorded.

2.3. Toxicity Test. Assessment of the cytotoxicity of the
samples was conducted via an indirect cell assay in accordance
with 1SO10993-5.*" Rat bone marrow mesenchymal stem cells
(BMSCs) were cultivated in minimum essential medium a (a-
MEM, Gibco, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, USA) under conditions of 37 °C, 5% CO,, and
95% humidity. Subculturing occurred upon reaching 80—90%
confluence. The sample was immersed in the complete culture
medium at an extraction rate of 1.25 cm*/mL for 1 day, and the
resulting extract was used for subsequent in vitro cell
experiments. The BMSCs were seeded in 96-well plates,
allowing for cell attachment before the growth medium was
replaced with the sample extract. Cells were incubated for
further periods of 1, 3, and S days. Post incubation, 10 uL of Cell
Counting Kit-8 (CCK-8, Beyotime, China) solution was added,
and incubation was continued for 4 h. The absorbance of each
well was measured at 450 nm by using a microplate reader.

For live/dead cell staining, after a gentle wash with PBS, 100
uL of live/dead staining reagent (Beyotime, China) was added.
Cells were incubated for 30 min at 37 °C in the dark, after which
the stain was removed, and the cells were washed again with PBS
before 100 L of normal medium. Live and dead cells were
subsequently visualized by using a fluorescence microscope.

https://doi.org/10.1021/acsomega.4c07635
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Table 2. Primer Sequences Used in RT-qPCR

gene forward primer sequence (5'—3") reverse primer sequence (3'—5’)
BMP2 CCACCATGAAGAATCTTTGGA GTGATAAACTCCTCCGTGG
Runx2 GCGCATTCCTCATCCCAGTA GGTGGGGAGGATTGTGTCTG
COL-1 GTACATCAGCCCAAACCCCA CAGGATCGGAACCTTCGCTT
OCN CAGACAAGTCCCACACAGCA CCAGCAGAGTGAGCAGAGAG
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

2.4. Cell Adhesion Test. BMSCs were cultured in 12-well
plates with extracts for 12 h, washed three times with PBS, fixed
with 4% paraformaldehyde for 12 min, and permeabilized with
0.1% TritonX-100 for 10 min. The S1-integrin expression was
quantitatively assessed via immunofluorescence, with cells
blocked with 4% FBS for 30 min and then incubated overnight
at room temperature with f1-integrin (Affinity, China) diluted
in 1% FBS and Tris-buffered saline. Following three washes with
TBST, cells were incubated with goat antirabbit IgG (H + L)
Fluor488-conjugated (Affinity, China) for 1 h in the dark. DAPI
was then applied for counterstaining in the dark for S min, and
cells were observed under a fluorescence microscope.

Furthermore, BMSCs were seeded into six-well plates to reach
80% confluence, after which the medium was replaced with a
conditioned medium. Next, the expression of FAK and
phospho-FAK (p-FAK) protein was analyzed by using a
Western blot assay. After 1 and 2 h of incubation, the cells
were lysed using protein lysis buffer (Beyotime, China) for 30
min at 4 °C, followed by centrifugation at 12,000 rpm for 20 min.
Protein concentrations were determined using a BCA kit
(Beyotime, China), separated by 10% SDS-PAGE, and trans-
ferred to a poly(vinylidene fluoride) membrane. The membrane
was blocked with 5% skim milk and incubated overnight at 4 °C
with anti-Phospho-FAK (Tyr397) and FAK antibodies
(Thermo Fisher Scientific, USA). Following three washes with
Tris-buffered saline, the membrane was further incubated in
IRDye 680RD goat antirabbit secondary antibody (Licor, USA)
for 2 h at room temperature in the dark. The membrane was
scanned with a fluorescence scanner to obtain the image.
Western blot band images were quantified using Image] software
(NIH, USA), with f-actin serving as an internal control.

2.5. Osteogenic Property Test. The osteogenic induction
medium was formulated by supplementing the base medium
with ascorbic acid (50 nM), dexamethasone (0.1 uM), and f5-
glyceryl phosphate (10 mM). Various samples were then
immersed in this medium to prepare different samples steeped in
the osteogenic induction medium. Subsequently, BMSCs were
cultured in 24-well plates until they attained 80% confluence, at
which point the medium was switched to a conditioned medium
to induce differentiation. After 7 days of incubation, the medium
was removed and the cells were washed twice with PBS. The
qualitative expression of alkaline phosphatase (ALP) in BMSCs
was assessed using the BCIP/NBTALP chromogenic kit
(Beyotime, China) and the ALP kit (Beyotime, China).

Following the initial seeding in six-well plates, the complete
medium was replaced with a conditioned medium after 1 day.
Then, 7 days later, cells were harvested for quantitative real-time
polymerase chain reaction (RT-qPCR) analysis to measure the
expression of bone morphogenic protein 2 (BMP2), runt-
related transcription factor 2 (RUNX2), collagen type I (COL-
1), and osteocalcin (OCN). mRNA expression levels were
quantified using the 274 method, and the specific primer pairs
utilized are listed in Table 2.

2.6. Animal Experiment. The animal experiment received
approval from the Experimental Animal Ethics Committee of
Affiliated Xinhua Hospital of Dalian University (No. 2021-039-
01). Six-month-old rabbits (2.5 kg, Shenyang, China) were
randomly divided into three groups: a bare Mg alloy scaffold, an
MAO-coated Mg alloy scaffold, and a Ti alloy scaffold group as a
control. Anesthesia was administered via an intravenous
injection of 3% sodium pentobarbital (30 mg/kg). Under sterile
conditions, both forearms of the rabbit were shaved and
sterilized, and the bilateral ulnar was exposed by retracting the
surrounding muscles.”” A full-thickness bone defect of 20 mm
was created using an oscillating saw under continuous saline
irrigation, and the hollow scaffolds were then implanted into the
defect. Next, the adjacent soft tissues and muscles were
meticulously sutured to stabilize the scaffold. Postoperative
care included housing the rabbits in a controlled environment
and administering 10 mg/kg subcutaneously for 3 days to
prevent infection. Rabbits were permitted to resume normal
activities immediately post surgery, including bearing weight on
their forearms. Specimens from the forearms of six rabbits were
harvested at intervals of 8, 16, and 24 weeks post implantation
and subsequently stored at —20 °C for further analysis.

2.7. Radiographic Analysis. The implant degradation and
new bone formation were monitored every 4 weeks with a digital
X-ray photography system (Rasped Pro80, Shimadzu, Japan) at
settings of 110 kV and an anode current of 500 yA. The X-ray
images of the ulna defect site were evaluated and scored in three
categories: bone formation (0—4), union (0—4), and remodel-
ing (0—4) by three independent investigators based on a
previously established standard,”® with an average of three
measurements for each sample. Each category had a possible
score ranging from 0 (no healing) to 12 (restoration to normal
bone), with a score of 7 considered indicative of preliminary
reconstruction.

In order to further evaluate the degradation of the scaffolds, all
samples collected at various time points were subjected to high-
resolution CT scanning and analysis (Bruker Skyscan 1176,
USA). Subsequently, three-dimensional (3D) reconstructions of
the defect area were generated from 2D lateral projections using
advanced 3D reconstruction software (CTvox). The new bone
volume/tissue volume ratio (BV/TV) and CR were then
determined through meticulous 3D morphometric analysis.

2.8. Histological Analysis. Bone specimens underwent
histological processing to evaluate the microstructure of the
newly formed osseous tissue surrounding the scaffolds. In brief,
the specimens were immersed in 10% formalin for fixation,
followed by triple washes in phosphate-buffered saline (PBS)
and decalcification in 10% ethylenediaminetetraacetic acid over
an 8-week period. Subsequently, they were embedded in
paraffin, sectioned to a thickness of S pm, deparaffinized, and
rehydrated through a series of graded ethanol solutions. The
sections were then stained using hematoxylin and eosin (H&E)
as well as the Masson trichrome method (Beyotime, China).

https://doi.org/10.1021/acsomega.4c07635
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Figure 1. Surface morphology of bare Mg alloy and MAO-coated Mg alloy: (a, b) surface morphologies of bare Mg and MAO-coated Mg alloy; (d, e)
EDS results corresponding to (a, b); soaking experiment: (c) pH value; (f) weight loss; electrochemical measurements of bare Mg alloy and MAO-

coated Mg alloy: (g) potentiodynamic polarization diagram; (h) Nyquist plot; and (i) equivalent circuit elements.

Table 3. Electrochemical Data from the Nyquist Curve of the Bare Mg Alloy and MAO-Coated Mg Alloy

materials R, (Q-cm?) CPEf (uF-com %) n
MAO coating 54.72 2223 0.759
bare Mg alloy 138.2 34.21 0.732

R; (Q-em?’) CPgy (uF-cm™) n R, (Q-em?)
3082 1.047 0.725 41,510
2906 5562 0.852 3259

Finally, the stained sections were observed and captured under
an optical microscope (Model X71, Olympus, Japan).

2.9. Statistical Analysis. Data were analyzed using SPSS
23.0 software (SPSS Inc., Chicago, IL, USA). Results are
presented as mean =+ standard deviation. Statistical differences
were determined by analysis of variance and Tukey’s test, with p
values <0.05 deemed statistically significant.

3. RESULTS

3.1.Corrosion Test. In the SEM images, scratches caused by
the removal of oxide scale were observed on the bare Mg surface
(Figure 1a), while micropores and microcracks were present on
the MAO coating (Figure 1b), and some of the micropores were
sealed by agglomerates. EDS analysis showed that the elements
in the MAO coating were mainly Mg, O, P, and Ca (Figure le).
Combining the team’s previous research and the energy
spectrum results, it can be inferred that the main component
of the MAO coating is magnesium oxide, and the agglomerates
that seal the pores are mainly calcium phosphates.

Electrochemical analyses were carried out to evaluate the
degradation in vitro, with the results elegantly depicted in Figure
1gh. The potentiodynamic polarization revealed that the

corrosion potential (E.,,) of the uncoated magnesium alloy
was approximately —1.596 vs E, (potential of the reference
electrode), which increased to —1.566 vs E,; post MAO
treatment (Figure 1g). The potentiodynamic polarization tests
showcased a significant reduction in the corrosion current
density (I.,.) of the MAO-coated magnesium alloy (0.606 X
1078 A/cm?) in comparison to the bare alloy (2.201 X 107 A/
cm?).

We also used an equivalent circuit to fit the Nyquist curve to
further analyze the corrosion principle of the bare Mg alloy and
MAO-coated Mg alloy (Figure 1i). Rs is the resistance of the
solution. The high-frequency capacitance loop represents the
electric double-layer characteristics between the metal and
dielectric interface, which is expressed by charge transfer (R.,)
and electric double-layer capacity (CPgg). The medium-
frequency capacitance loop represents the correlation between
the corrosion product layer and the coating, which is described
by the corrosion product layer (R;) and the corrosion product
layer capacity (CPp). In Table 3, the R, (41,510 Q-cm?) value
of the MAO-coated Ma alloy is significantly higher than that of
the bare Mg alloy (3259 Q-cm?) alloy, indicating that the charge

https://doi.org/10.1021/acsomega.4c07635
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transfer of the coated sample is difficult and the corrosion
process is effectively inhibited.

Subsequently, a 28-day immersion evaluation was conducted
to further examine the long-term corrosion resistance of MAO-
coated specimens. As illustrated in Figure 1c, the pH level of the
immersion solution for the uncoated magnesium alloy was
higher than that of the MAO-coated samples. Moreover, the
weight of the specimens exhibited a continuous increase, with
the bare alloy registering greater weight loss compared with the
coated samples throughout the immersion process (Figure 1f).

3.2. Cytocompatibility. The viability and cytotoxicity of
the magnesium alloy coated with MAO were assessed in BMSCs
through live/dead staining and the CCK-8 assay, with the
titanium alloy employed as the positive control cohort.
Fluorescence microscopy unveiled cell viability in diverse
sample extracts after a 3-day incubation period (Figure 2a).
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Figure 2. Cell viability of BMSCs after incubation with extracts from
different culture media (control, Ti, and MAO-coated Mg alloy). (a)
Live—dead staining fluorescence images after coculture of extracts with
BMSC:s for 3 and 7 days, with live cells in green and dead cells in red.
(b) CCK-8 detection of extracts cocultured with BMSCs for 1,3,and §
days. (c) Immunofluorescence images showing the expression of
integrin 1 in BMSCs after treatment with different extracts. (d)
Western blotting of FAK and p-FAK. (e) Corresponding quantification
of Western blots (# and * indicate p < 0.0S for the MAO-coated Mg
alloy compared with the negative control and Ti, respectively).

Simultaneously, the CCK-8 outcomes indicated a surge in the
optical density (OD) values of BMSCs on days 3 and S (Figure
2b). Notably, in comparison to both the control and titanium
alloy groups, the MAO-coated magnesium alloy exhibited
elevated OD values and accelerated growth kinetics.

To assess the impact of MAO-coated magnesium alloy on cell
adhesion, extracts from different experimental groups were
cocultured with BMSCs for a duration of 12 h, followed by
analysis of f1-integrin expression. Two-color in situ fluores-
cence imaging revealed that cells cocultured with extracts from
the MAO-coated magnesium alloy group exhibited robust cell
spreading, as well as elevated expression and a broader
distribution of Sl-integrin compared to cells in the control
and titanium groups (Figure 2c). Additionally, the expression

levels of phosphorylated focal adhesion kinase (p-FAK) were
evaluated qualitatively and quantitatively through Western blot
analysis (Figure 2d) and RT-qPCR (Figure 2e). No significant
differences in p-FAK levels were observed after 1 h of coculture
among the three groups. However, after 2 h, the expression level
of p-FAK was significantly higher in the MAO-coated
magnesium alloy group compared to the other groups.

3.3. Osteogenic Properties. ALP levels, a preliminary
indicator of the differentiation of BMSCs into osteoblasts, were
used to determine whether the scaffold promoted osteogenesis.
Figure 3a,b show that after 3 and 7 days of induction BMSCs
cultured with the MAO-coated Mg alloy extract exhibited
markedly deeper staining and higher ALP activity compared to
the other two groups. The osteogenic potential of BMSCs after 7
days of culture was further confirmed using RT-qPCR to
measure the expression levels of osteogenesis-related genes
(BMP2, RUNX2, COL-1, and OCN), with the results displayed
in Figure 3c—f, respectively. Among them, the expression levels
of osteogenesis-related genes were the highest in the MAO-
coated Mg alloy group.

The ALP levels, serving as a preliminary indicator of bone
marrow-derived mesenchymal stem cell differentiation into
osteoblasts,”’ were utilized to assess the scaffold’s ability to
promote osteogenesis. As shown in Figure 3ab, BMSCs
cultured with the MAO-coated Mg alloy extract exhibited
significantly deeper staining and increased ALP activity after 3
and 7 days of induction, surpassing those of the other two
experimental groups. Furthermore, the osteogenic potential of
BMSC:s following 7 days of culture was confirmed through RT-
gPCR analysis of osteogenesis-related gene expression levels,
including BMP2, RUNX2, COL-1, and OCN, as shown in
Figure 3c—f, respectively. Notably, the MAO-coated Mg alloy
group demonstrated the highest expression levels of osteo-
genesis-related genes.

3.4. X-ray. Figure 4a illustrates the general appearance of
scaffolds (comprising titanium alloy, bare Mg alloy, and MAO-
coated Mg alloy) prior to surgical intervention, while Figure 4b
elucidates a surgical schematic of a 20 mm ulna large segment
bone defect rectified employing an MAO-coated scaffold. The
degeneration of these scaffolds was tracked post surgery through
X-ray imaging. Initially, shadowy regions suggestive of excessive
hydrogen were discerned surrounding the bare Mg alloy scaffold
and the MAO-coated scaffold at 8 weeks post surgery (Figure
4c). Subsequently, these shadowy areas dissipated around the
MAO-coated scaffold by the 16- and 24-week marks post
surgery. Concurrently, the silhouette of the MAO-coated
scaffold remained sharp, in stark contrast to the gradual
degradation and fading visibility of the bare Mg alloy scaffold
(Figure 4d,e).

In the interim, the novel bone regeneration process
underwent quantitative evaluation through X-ray analysis, and
the findings are elegantly portrayed in Figure 4f. As the study
progressed, at the 8-week mark, the X-ray assessments revealed
values of 0.28 + 0.08 for the titanium alloy scaffold group, 1.22 +
0.34 for the bare Mg scaffold group, and an impressive 3.61 +
0.21 for the Mg alloy scaffold group with MAO coating.
Regarding the 16-week milestone, the X-ray evaluations
displayed a notable escalation to 7.78 + 0.34 within the
MAO-coated magnesium scaffold group, whereas the scores for
the titanium alloy scaffold group (0.67 + 0.36) and the
unmodified magnesium scaffold group (0.38 + 0.21) remained
relatively constant. Upon reaching the 24-week juncture, the X-
ray scores reflected values of 0.44 + 0.21 for the titanium alloy

https://doi.org/10.1021/acsomega.4c07635
ACS Omega 2024, 9, 46419-46428


https://pubs.acs.org/doi/10.1021/acsomega.4c07635?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07635?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07635?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07635?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a Ctlr b
2.5
= Cid #
D3 20Fr =3 T *
z = MAO
-,(2_). 1.5}
3 :
E 1.0F
<
0.5F
D7 | ” |
0.0
500um 3 7
Time(day)
c BMP2 d RUNX2 e COL-1 f OPN
o 6 D5 o 6 4
% = Crl # % = Ctrl % = Ctrl % = Ctrl #
= |=T * — 4= T # — |=T f - *
c c c =
S |e== maO O | == MmAO S |= mAO o3
» 4 » » 4r 7]
] @ 3k ] ]
o 4 o o
S S S g2
x x 2k x x
oLl o o Ll )
(0] [0 (0] [
2 24 2 21
kS k) kS kS
o) o] o) o)
o o o o
ctrl  Ti MAO ctrl  Ti MAO ctrl  Ti MAO ctrl  Ti MAO

Figure 3. Detection of the osteogenic ability of BMSCs after incubation with different sample extracts (control, Ti, and MAO-coated Mg alloy): (a)
ALP staining; (b) ALP activity; (c—f) gene expression of BMP2, RUN2, COL-1, and OCN levels (# and * indicate p < 0.0S for the MAO-coated Mg

alloy compared with the negative control and Ti, respectively).

8w
16W

e f
10F = 1 #
= Mg el
QB - MAO
2 8 H
>
« g
X

o N » o

8 16 24
Time(week)

Figure 4. (a) Ti, bare Mg scaffold, and MAO-coated Mg scaffold. (b)
Scaffold implanted into a large segmental bone defect of rabbit ulna (20
mm). (c—e) X-ray images of rabbit ulna at 8, 16, and 24 weeks after
surgery. The red arrow indicates bone formation. (f) X-ray radiography
score (# and * indicate p < 0.05 for the MAO-coated Mg scaffold
compared with Ti and bare Mg scaffold, respectively).

scaffold group and 0.39 =+ 0.16 for the bare Mg scaffold group,
while the MAO-coated Mg scaffold group demonstrated a
remarkable score of 10.39 + 0.34.

3.5. Micro-CT. Further assessments of bone tissue
regeneration and degradation of scaffolds were performed
using 3D Micro-CT, with findings depicted in Figure 5. At 8
weeks post surgery, significant degradation was observed in the
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bare Mg scaffold in comparison to both the MAO-coated Mg
scaffold and Ti scaffold, with minimal new callus formation
noted on the surface and around the implants (Figure Sa). With
time, the MAO-coated Mg scaffold demonstrated sustained
structural integrity, while most of the structure of the bare Mg
scaffold exhibited extensive degradation by 16 and 24 weeks
(Figure Sb). Additionally, a higher prevalence of new bone callus
formation was observed around the MAO-coated Mg scaffold
compared to the other two groups. Figure Sc reveals that the
BV/TV ratio, as determined by Micro-CT, was consistently
higher in the MAO-coated scaffold group than in the Ti and bare
Mg scaffold groups at all time points. Furthermore, the corrosion
rate (CR) of the scaffolds, calculated and shown in Figure 5d,
indicated initial rates of 0.46 + 0.04 mm/year for the bare Mg
alloy scaffold and 0.18 + 0.04 mm/year for the MAO-coated Mg
scaffold at 8 weeks post surgery. As the study progressed, the CR
of the bare Mg alloy scaffold remained at 0.46 + 0.02 mm/year
at 16 weeks and reduced to 0.33 + 0.01 mm/year by 24 weeks,
whereas the CR of the MAO-coated Mg scaffold remained stable
at 0.22 + 0.02 and 0.22 + 0.01 mm/year at both 16 and 24
weeks.

3.6. Histology. Figure 6 presents the histological repre-
sentations of the new bone tissue formations utilizing both H&E
and Masson staining tests on the peripheries of the scaffolds at
weeks 8, 16, and 24. The unmarked area denotes the site of graft
excision. The Ti alloy scaffold group exhibited more mature
bone, with negligible new bone growth detected in the space
between the implant and the ulna. In contrast, the bare Mg alloy
group displayed a marked increase in collagen deposition and
bone formation by the eighth week, followed by a gradual
decline. The MAO-coated magnesium alloy group showed an
incremental rise in the number of collagen fibers and stained
areas during various stages of bone repair. Meanwhile, the
Masson staining revealed a predominance of blue-stained
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Figure 6. Representative images of HE staining and Masson’s trichrome staining of the interface between the scaffold and bone after different
implantation periods. Collagen fibers and chondrocytes, blue staining; immature bone tissue, red-blue staining; mature bone, red staining.

cartilaginous tissues and cells in the newly formed tissues
surrounding the bare Mg scaffold group at 8 weeks after surgery.
However, at 16 and 24 weeks, an increased presence of blue-
dyed cartilage tissues and cells was noted around the MAO-
coated Mg scaffold group compared to the other two groups.

4. DISCUSSION

The pursuit of an optimal orthopedic implant material for bone
defect repair has intensified over the last two decades, yet a
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satisfactory alternative has not emerged. This is primarily due to
the intricate internal dynamics of critical-size bone defects, such
as defect dimensions, local vascularization, susceptibility to
infection, and soft tissue integration, which impose heightened
demands on the osteogenic properties of implant materials.*”
Our preliminary studies have shown that the utilization of
magnesium (Mg) alloy scaffolds in conjunction with autogenous
bone grafting is efficacious in the remediation of profound bone

18,25,26

deficiencies. However, the intrinsic osteogenic potential
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of Mg alloy scaffolds, independent of autogenous bone, remains
uncertain. Therefore, this research employed a Mg—Zn—Nd-—
Zr alloy as a substrate for scaffold fabrication, enhancing its
degradation rate and biocompatibility through a self-sealing
MAO coating enriched with calcium and phosphorus.” The
empty scaffold was implanted into a 20 mm ulna bone defect in
the rabbit model. To our knowledge, this represents the initial
investigation into the osteogenic effect of the Mg alloy itself in
large segmental bone defects, which aids in the elucidation of its
corrosion resistance, osteoconduction, and osteoinductivity
within the challenging milieu of a bone defect.

As widely acknowledged, MAO is a viable method for creating
corrosion-resistant coatings on magnesium alloys. These
coatings are characterized by their strong metallurgical bonding
strength, excellent biocompatibility, and resistance to corrosion
of the substrate.**™® In the present study, electrochemical
assessments indicated that the MAO coating markedly elevated
the E,, value and R, reducing the I, value of the bare Mg
alloy, thereby augmenting its resistance to corrosion. In this
study, a 28-day long-term immersion test revealed that the
weight loss of the untreated Mg alloy was higher than that of the
coated samples throughout the immersion process. These
findings strongly indicate a substantial improvement in the
corrosion resistance of the Mg alloy substrate material following
the coating treatment, a conclusion indirectly supported by the
changes in the pH value of the immersion solution. In addition,
the released Mg’* from the corrosion of the Mg alloy can
produce biological effects, such as local pH value fluctuations
and potential cytotoxicity.””** The MAO coatings can play a
role in the sustained release of magnesium ions, thereby
reducing potential cytotoxicity and increasing its biological
activity. At last, X-ray images have confirmed the structural
integrity of the titanium alloy scaffold in vivo. While the bare Mg
alloy scaffold rapidly degraded, completely disintegrating by 16
weeks, the presence of the MAO coating on the Mg alloy scaffold
allowed it to maintain its structural integrity for up to 24 weeks
after implantation. Furthermore, Micro-CT results revealed that
the CR of the bare Mg scaffold peaked at 8 weeks post surgery
and then decreased over time, likely due to the rapid degradation
of the bare Mg alloy scaffolds in the early stages. In contrast, the
CR of the MAO-coated Mg scaffold group remained stable after
surgery, highlighting the efficacy of the MAO coating in
enhancing corrosion resistance and prolonging the mechanical
properties under complex internal environments. In summary,
our results confirmed that MAO coating can effectively inhibit
the corrosion behavior of the magnesium alloy matrix both in
vitro and in vivo, which helps Mg alloy scaffolds play a
supporting and fixing role in repairing bone defects.

However, the principal role of orthopedic implants in
repairing bone defects goes beyond providing mechanical and
structural support; they must also convey biological signals to
cells in a specific manner to enhance bone growth.”” Thus,
simply having corrosion resistance is inadequate for the MAO
coating of Mg alloy scaffolds; their osteogenic properties, such as
osteoinduction and osteoconduction, are equally crucial
Numerous studies have demonstrated that magnesium ions
released during the degradation of the Mg alloy significantly
activate integrins signaling®’ and FAK pathways,"" prompting
nearby prebone cells to differentiate into bone cells. In this
study, we observed that the f1-integrin protein and the p-FAK
were highly expressed in the BMSCs cocultured with MAO-
coated samples. Simultaneously, there was a notable increase in
the ALP activity and expression of osteogenesis-related genes,

such as BMP2, RUNX2, COL-1, and OCN, in the BMSCs.
These findings indicate that the MAO-coated Mg alloy exhibits
robust bone induction in vitro. In the subsequent implantation
experiment, histological analyses revealed a prevalence of blue-
dyed fibrous tissues and chondrocytes around bare magnesium
scaffolds at 8 weeks post surgery. It was observed that new bone
tissues appeared to be more mature, indicating a heightened
osteogenic response in the bare Mg alloy scaffold group in
comparison to the other two groups. Interestingly, by 16 and 24
weeks post surgery, this phenomenon waned in the unadorned
magnesium alloy group, while increasing amounts of mature
bone tissue and azure-dyed cartilage tissues were observed in the
vicinity of the MAO-coated Mg scaffold group. We hypothesize
that this pattern may be ascribed to the release of Mg** brought
about by varying rates of degradation in the scaffolds. At the age
of 8 weeks, the swift breakdown of the bare Mg alloy scaffolds
resulted in the substantial release of magnesium ions, thereby
intensifying a powerful bone formation response among nearby
bone precursor cells. However, as the breakdown of the scaffolds
continued, the released magnesium ions gradually diminished
along with their stimulating capacity. In contrast, the MAO-
coated Mg alloy scaffold maintained a consistent breakdown
rate, continuously releasing magnesium ions and maintaining a
strong bone renewal response, underscoring their effective
stimulating capacity in living organisms.

In addition to osteoinduction, osteoconduction is another
crucial characteristic of magnesium alloy scaffolds in the process
of bone defect reconstruction, defined as “enabling the
infiltration or proliferation of bone cells along the surface of
the scaffold, provided there is direct contact with living bone at
one or both extremities”.*> However, the focus on osteoinduc-
tion and stem cell applications in bone tissue engineering has
overshadowed the significance of osteoconduction as a major
contributor to bone regeneration. Our study findings reaffirmed
that the fl-integrin protein and the p-FAK were highly
expressed in the BMSCs cocultured with MAO-coated samples,
highlighting the efficacy of the samples in promoting cell
adhesion and facilitating osteoblast migration and proliferation
on the sample’s surface. More importantly, through the X-ray
and Micro-CT images during implantation trials, we clearly
visualized the progressive substitution of new bone formation on
the surface of the MAO-coated Mg alloy scaffold. After 8 weeks,
new bone regeneration was evident at the site of the MAO-
coated scaffold and the broken end of the bone. By 16 weeks, the
new bone tissue had extended along the surface of the scaffold
from both ends to the center, ultimately culminating in the
formation of bone-bridging tissue at 24 weeks. Interestingly,
similar phenomena were absent on the surfaces of the titanium
alloy scaffold and the bare magnesium alloy scaffold, where new
bone formation was limited to the ends of the scaffold. This
difference may result from the rapid degradation rate of bare Mg
alloy scaffolds, leading to rapid structural loss that loses the
necessary support for new bone formation. Additionally, while
titanium alloy scaffolds could provide ample structural support,
they lack inherent bone inductive properties and are devoid of
the cytokines necessary for activating new bone regeneration
without supplementary bone graft materials. This deficiency
ultimately results in a reparative failure. Therefore, our results
not only confirmed for the first time that the Mg alloy scaffold
itself has good osteoconductivity to induce new bone to crawl on
its surface but also demonstrated once again that it is necessary
to provide support for new bone regeneration at the site of bone
defect.
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To sum up, despite certain limitations, such as unaddressed
local air accumulation and the absence of in vivo data from larger
animals such as goats and assessment of the mechanical
properties of the repaired ulna, our study substantiates the
integral roles of both osteoconduction and osteoinduction of the
implant material itself in reconstructing substantial bone defects
without additional bone graft materials. This suggests that when
developing new implant materials in the future, concentrating
solely on only one of these aspects may prove insufficient.

5. CONCLUSIONS

In this research, an MAO-coated magnesium alloy scaffold
demonstrating excellent osteoinductivity and osteoconductivity
was devised and successfully used to repair extensive segmental
bone defects in rabbit ulna without the need for external
bioactive factors, cells, or autologous particulate bone. This
study provides an experimental basis for further understanding
the inherent characteristics of bioactive magnesium alloy
scaffolds in the process of reconstructing large bone defects
and also offers a promising alternative material and a new
approach for the clinical treatment of large bone defects.
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