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Plates made from magnesium alloy
with a long period stacking ordered
structure promote bone formation
in a rabbit fracture model
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Operative treatment is an option for fractures when the fracture is unstable or the patient wishes to
return early to daily life or social activities. Metal plates such as titanium and stainless steel are often
used in fracture surgery, but the metal plate lacks bone-healing activity and is not bioabsorbable,
requiring a second surgery to remove it after bone union. Here we show that a magnesium (Mg) plate
made from an alloy of yttrium, zinc, and aluminum with magnesium as the main componentin a
long-period stacking ordered structure promotes bone formation in a rabbit tibia fracture model and

is also bioabsorbable. We show that the Mg plate significantly promoted bone and callus formation
compared to a titanium plate in the rabbit tibia fracture model. Moreover, the Mg plate was mostly
bioabsorbed once bone union was achieved, but rabbits showed no evidence of biotoxic effects,

such as weight loss or increased blood magnesium levels. We also demonstrate that treatment with
exogenous magnesium significantly enhanced calcium deposition in an in vitro osteoblast culture
system. Magnesium is an essential element, and its radiolucency facilitates observation of the fracture
site during Mg plate fixation, while its lack of magnetic properties allows its use in patients who
require MRI scans. Accordingly, we propose that a use of a Mg plate could be beneficial in treating bone
fracture.
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In developed countries, the number of fracture patients among the elderly is increasing due to the current
expansion of the elderly population'. In the United States, the number of fracture cases among the elderly is
estimated to be 2 million per year, a number expected to continue to increase>>. The elderly are often at risk for
fracture healing disorders*, including development of comorbidities such as osteoporosis®. Because fractures
can impair activities of daily living (ADLs) in the elderly, smooth fracture healing is essential to maintain ADLs
and independence after fracture healing®. In younger patients, shortening the time to bone healing in fracture
treatment is also a challenge.

Fracture treatment can be divided into conservative therapy or operative treatment. Operative treatment is
often chosen when it is estimated to have significant patient benefits, such as maintenance of ADLs and early
return to society’®. Medical implants, such as metal plates, are often used in operative treatment of fractures.
After bone fusion, the patient will often undergo another surgery to remove the metal implant®!-13, Avoiding
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this second surgery would require use of bioabsorbable therapeutic implants, but the development of metal
implants that are both sufficiently strong and bioabsorbable is a challenge in fracture treatment.

Among various metal materials, magnesium (Mg) is biocompatible because it is an essential element, and
pure Mg implants have been confirmed to be bioabsorbable!*!. Due to this high biocompatibility, Mg is
considered a useful material for metal implants'>'6. However, pure Mg implants have low mechanical strength
and corrosion resistance, and maintaining fixation and fixation force is a concern in terms of using pure Mg
implants for fracture treatment!*17-2!, Therefore, in this study, we created an alloy of magnesium mixed with
other metals to increase Mg implant strength.

Basically, Mg exhibits a hexagonal close-packed (hcp) structure, but a Mg alloy with zinc (Zn) and yttrium
(Y) has a specific long stacking cycle called a long-period stacking ordered structure (LPSO structure). Mg-
Zn-Y alloy with this structure consists of two phases: a-Mg (hexagonal closed-packed structure) and 18R-LPSO
(rhombohedral structure). The LPSO phase is a periodic layered structure composed of a soft layer of Mg and
a hard layer of solute-enriched stacking-fault. When the LPSO-type Mg alloy is extruded, both fine dynamic
recrystallized grain regions and coarse un-recrystallized grain regions with strong texture are formed in the
a-Mg phase. Moreover, kink bands also form in the LPSO phase. Thus, LPSO-type Mg-Zn-Y alloy reportedly
exhibits high yield strength and reasonable elongation due to formation of this bimodal structure in the a-Mg
phase and kink bands in the LPSO phase?*~?%. In particular, LPSO-type Mg-Zn-Y alloy prepared by rapid
solidification exhibits an extremely high yield strength and good corrosion resistance with nanocrystalline and
uniform microstructure?. In fact, pure Mg has yield strength and elongation of 125 MPa and 6.3%, respectively,
while Mg- 0.56Zn- 1.5Y shows yield strength and elongation of 362 MPa and 18.2%, respectively®®. Moreover,
adding aluminum (Al) to the LPSO-type Mg-Zn-Y alloy improves corrosion resistance*?%. Recently, a rapidly-
solidified (RS) Mg- 0.56Zn- 1.5Y alloy was developed for use in bioabsorbable medical devices®. This alloy has
high ductility (14-19%) but maintains a high tensile yield strength of 362-383 MPa due to dilution of Zn and
Y. We also found that adding 0.15 atom (at.) % Al to Mg-Zn-Y-alloy improved corrosion resistance?. Thus,
RS Mg- 0.56Zn- 1.5Y- 0.15 Al alloy has mechanical properties and corrosion resistance superior to pure Mg
and commercial Mg alloys and could be used to make bioabsorbable bone plates. Bone plates of pure Mg or
commercial Mg alloys have not been used due to their low mechanical properties. However, RS Mg-Zn-Y alloy
has a yield strength 1.9-2.0 times higher than that of commercially available Mg alloys such as WE43, and thus,
potentially could be used to make implants.

In this study, we compared bone healing ability of an existing titanium plate (Ti plate) and a plate made
from an LPSO-type Mg-Zn-Y-Al alloy of the same geometry (hereafter called a Mg plate) using a rabbit fracture
model. Both plates produced bone fusion, but the Mg plate produced significantly greater callus; the peak force
at failure after bone fusion was significantly higher for both bones after fixation with Mg plates as compared to
contralateral normal bone. In addition, in osteoblast cultures in vitro, treatment with Mg significantly activated
osteoblast differentiation and mineralization. In conclusion, the Mg plate is expected to be a new type of
bioabsorbable implant that promotes bone healing as bone fracture treatment.

Material and methods
Rabbits
Japanese white rabbits were purchased from Japan SLC Co Ltd (Hamamatsu, Shizuoka, Japan).

1. Approval: All animal experiment procedures were approved by the Animal Studies Committee and the Insti-
tutional Animal Care and Use Committee at Kumamoto University, Japan.

2. Accordance: All animal experiments were carried out in accordance with the Institutional Guidelines on
Animal Experiment at Kumamoto University. This study is reported in accordance with ARRIVE guidelines.

Mg plate preparation from LPSO-type Mg alloys

The master alloy, Mg- 0.75Zn- 2Y (at.%) alloy, was procured from Fuji Light Metal Co., Ltd., Kumamoto, Japan.
It was melted in an Ar atmosphere using a high-frequency induction heating method, and pure Mg (99.99 wt.%)
and Al (99.99 wt.%) were added to produce the Mg- 0.56Zn- 1.5Y- 0.15 Al (at.%) cast alloy. RS ribbons of the
Mg- 0.56Zn- 1.5Y- 0.15 Al alloy were prepared by a single-roller melt-spinning method at a roll-circumferential
velocity of 10 m s™! and were pre-consolidated into the copper billet with an outer diameter of 29 mm in an
Ar atmosphere using a glove box. Degassing was carried out at 573 K for 15 min. Prior to hot extrusion, pre-
extrusion heat treatment was performed at 673 K for 24 h. Hot extrusion was performed at an extrusion ratio of
10, an extrusion temperature of 623 K, and a ram speed of 5.0 mm s~! to obtain the RS Mg- 0.56Zn- 1.5Y- 0.15
Al alloy rod 10 mm in diameter utilized here. Those rods were machined into bone plates of the same shape as
the existing Ti plate (VariAx Hand Locking Plate M Straight plate 4 holes, Stryker Japan K.K., Koraku, Tokyo,
Japan) using machining center (Fig. 1A).

Fracture model

All surgical procedures were performed under general anesthesia. Medetomidine hydrochloride (0.25 mg/
kg; Fujita) and midazolam (3 mg/kg; Sandoz) and butorphanol tartrate (0.4 mg/kg; Meiji) were administered
subcutaneously in the neck region of 6-month-old female rabbits. Rectal administration of buprenorphine
(0.2 mg; Otsuka Pharmaceutical) was performed along with intramuscular administration of the antibiotic
enrofloxacin (7 mg/kg; Bayer) into the upper right limb. The surgical area was shaved and disinfected, followed
by administration of local anesthesia with lidocaine hydrochloride (Maruishi Pharmaceutical) immediately
before making a 5-cm incision on the medial portion of the lower limb. A bone fracture proximal to the middle
of the right tibia was then made using a bone saw without cutting through to the contralateral bone cortex. Ti
(group T) or Mg (group M) plates were used for each group and internal fixation was performed (Fig. 1, B and
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Fig. 1. Metal plates and surgical procedures used in this study. (A) Shown are representative Ti (VariAx Hand
Locking Plate M, Straight plate 4 hole) (top) or Mg (bottom) plates used for internal fixation in a right tibial
fracture model using six-month-old female Japanese white rabbits (7 per group). (B) A 5-cm incision was
made on the medial portion of the lower limb and bone fracture was created in the right proximal tibia using
a bone saw, without cutting through to the contralateral cortical bone. (C) Ti or Mg plates were used for each
group and internal fixation for the right tibial fracture was performed. In both groups, four threaded 2.3 mm
titanium screws were used for plate fixation in each rabbit.

C). Four all threaded 2.3 mm titanium screws were used in all surgeries. Dermabond Advanced (Johnson &
Johnson) was used to close the wound to complete the surgery.

All rabbits were sacrificed 12 weeks after operation. For sacrifice, rabbits were first sedated by subcutaneous
administration of medetomidine hydrochloride (0.1 mg/kg; Fujita), midazolam (1.5 mg/kg; Sandoz) and
butorphanol tartrate (0.2 mg/kg; Meiji) in the neck region. Subsequently, ketamine hydrochloride (100 mg/kg;
Diichi Sankyo) and xylazine hydrochloride (10 mg/kg; Elanco Japan) were administered intravenously.

Measurements

Body weight was measured before the operation and at 12 weeks afterwards. Blood samples were collected from
auricular veins before and at 1 and 12 weeks after the operation, and Mg concentration was analyzed by Fujifilm
Vet Systems Co Ltd (Mitaka, Tokyo, Japan).

Radiographic examination

X-ray examination was performed to confirm bone union on the day of sacrifice. Soft tissues, muscles and
tendons attached to the bone were removed when imaging. uCT scanning (Scan Xmate-L090H, Comscantecno)
was performed to analyze the amount of callus (volumetric amount). Measurement of callus volume was taken
from the top edge of the plate to the bottom edge. Filming and image construction was performed by Kureha
special laboratory Co Ltd (Iwaki, Fukushima, Japan).
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Three-point bending test

Before testing, the plate and screws were removed from the tibia in group T and the screws were removed in
group M (as the plate had been biodegraded). The prepared tibia was mounted on a three-point bending test
device (Shimadzu, AGS- 5kNX). All bones were loaded with a low strain rate (10 mm/min) until failure, and
the ultimate strength (in Newtons) was determined from the load-displacement curve. The bending load was
applied to the specimen at the site of the osteotomy and in the sagittal plane.

In vitro osteoblastic differentiation

Human adipose-derived stem cells (ADSCs) were cultured in a culture dish in DMEM containing 10% FBS. After
a 5-day incubation, cells were resuspended in osteogenic medium (Osteoblast-Inducer Reagent, Takara Bio Inc.)
and seeded in 24-well plates (2.0 x 10 cells per well). Magnesium chloride (MgCl,) solution was added to these
culture media and Mg?** concentration was adjusted to 2.5 or 10 mMOL. Cells growing in MgCl,-free medium
served as controls. Culture medium was changed every 4 days. After 13 or 20 days of culture, cells were washed
with PBS three times, and fixed in 100% methanol at — 20 °C. After washing with dH, O, cells were stained with
Alizarin Red S staining solution (pH6.3). Staining solution was washed away with dH,0, and stained cells were
air-dried and observed under a microscope. To quantitate mineralization, Alizarin Red S was extracted in 5%
formic acid and assessed for absorbance at 450 nm using an iMark Microplate Absorbance Reader (BIO-RAD).
Values were normalized to those seen in untreated samples.

Statistical analysis
All results are reported as the mean *s.d. Student’s t-test was used to calculate p values. A p value <0.05 was
considered statistically significant (*p < 0.05; **p < 0.01).

Results

The presence of Mg plates significantly increases callus formation

A transverse fracture model was created in the tibial diaphysis of 6-month-old female Japanese white rabbits,
and the fracture site was immediately fixed with Mg (group M) or titanium (group T) plates. At 12 weeks
postoperatively, rabbit tibiae were harvested and evaluated for gross effects, an analysis that revealed greater
callus formation in the M versus the T group (Fig. 2, A and B). The Mg plate was also found to have undergone
biodegradation (Fig. 2C).

Rabbits implanted with Mg plates do not exhibit biotoxicity

The presence or absence of biotoxicity potentially due to Mg plate biodegradation was evaluated by changes in
body weight and in blood Mg levels. For this analysis 6-month-old female Japanese white rabbits were modeled
with transverse fractures in the tibial diaphysis, fractures were fixed with Mg (group M) or titanium (group
T) plates, and body weight was measured before surgery and 12 weeks later. Changes in weight between a
preoperative time point and 12 weeks postoperatively were comparable in both groups (Fig. 3A). Blood tests
were performed preoperatively, 1 week postoperatively, and 12 weeks postoperatively, and we observed were no

B C

Fig. 2. Fractures fixed by Mg plates exhibit greater callus formation and biodegradability than fractures fixed
by titanium plates. Internal fixation was performed on the right tibia of six-month-old female Japanese white
rabbits in either the Ti (group T) or Mg (group M) plate groups (7 rabbits each). Twelve weeks later, lower
limbs were harvested and observed macroscopically (A and B) and biodegraded Mg plates were removed (C).
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Fig. 3. Rabbits with fractures fixed by Mg plates shown no signs of biotoxicity. Internal fixation was performed
on the right tibia of six-month-old female Japanese white rabbits in either the Ti (group T) or Mg (group M)
plate groups (7 rabbits each). Body weight of each rabbit was measured preoperatively and 12 weeks later, and
changes were monitored (A). Graph shows the mean body weight change +s.d. at 12 weeks postoperatively
relative to preoperative body weight (n =7, NS, not significant). Peripheral blood was collected preoperatively
and at 1 and 12 weeks later, and blood Mg levels were assessed. Graph shows mean changes in blood Mg levels
ts.d. at 1 (B) or 12 (C) weeks postoperatively (PO) relative to preoperative levels (n =7, NS, not significant).

significant differences between the two groups in terms of Mg levels at 1 and 12 weeks postoperatively compared
to preoperative levels (Fig. 3, B and C).

Use of Mg plates significantly increases callus formation and bone strength

We created the transverse fracture model in the tibial diaphysis of 6-month-old female Japanese white rabbits,
and the fracture site was fixed with Mg (M group) or titanium (T group) plates. Bone union was evaluated and
confirmed at 12 weeks postoperatively in all animals in both groups by radiographic examination (Fig. 4A).
Callus volume (Fig. 4B, highlighted in yellow) was measured by pCT examination at 12 weeks postoperatively.
Significantly greater callus formation was observed in the M versus the T group (Fig. 4, B and C). After bone
union was confirmed, bone strength at the fracture site was compared at 12 weeks postoperatively. Analysis of
the fracture site of the M group indicated significantly increased bone strength relative to contralateral non-
fracture bones (Fig. 4D).

Treatment with exogenous Mg promotes osteoblast differentiation in vitro

Given that we observed significantly more callus formation in Mg than Ti plates, we conducted Mg addition
experiments in an in vitro osteoblast culture system. To do so, we cultured human adipose-derived stem cells
(ADSCs) in osteoblast differentiation medium supplemented with different concentrations of Mg and then
evaluated calcium deposition in the culture plate by alizarin red staining on days 13 and 20 of culture (Fig. 5A).
Alizarin red stain was extracted by formic acid and the amount of calcification was quantitatively based on
absorbance. We observed a significant increase in the amount of calcification at Mg concentrations of 2.5 and
10 mMOL on day 13 and at a Mg concentration of 10 mMOL on day 20 compared to controls (Fig. 5, B and C).

Discussion

Treatment of fractures demands strong internal fixation to allow proper repair, accelerate bone union, and
maintain fracture stability®®. For this reason, for most fractures, titanium metal plates are generally used as
fixation materials due to their excellent biocompatibility and high strength!”3!-33, However, because titanium
is not bioabsorbable, a second surgery is generally required to remove the plate after bone union at the fracture
site is achieved®!9-13, This second surgery could be avoided if the metal plate were bioabsorbable. Also, since it
is known that the ability to heal fractures decreases in the elderly?, it is desirable to activate callus formation in
order to promote bone healing at the fracture site; however, titanium lacks the ability to activate callus formation
at a fracture site. Hence, the ideal fixation material for fracture treatment should have the strength to stabilize the
fracture and the capacity to activate callus formation but be bioabsorbable, to avoid subsequent surgery. Here, we
found that a metal with Mg-based LPSO-type Mg-Zn-Y-Al alloy properties meets these requirements.

In addition to titanium, stainless steel and cobalt chromium are other implant materials used in medical
applications. These metals have sufficient strength to stabilize fractures, but are not bioabsorbable and lack
callus-forming activity. Mg is bioabsorbable and has osteogenic activity**->’, but pure Mg is quickly absorbed
by the body and is not strong enough to stabilize fracture sites'®. Therefore, we created LPSO-type Mg alloys by
adding 0.56 at. % Zn, 0.15 at. % Al, and 1.5 at. % Y to pure magnesium and applying the RS process. Kink bands
form in the LPSO phase by plastic deformation, dramatically improving mechanical properties. In addition, fine
a-Mg and LPSO phases form in RS Mg-Zn-Y-Al alloys. It is likely that kink band formation in the LPSO phase
and the fine microstructure formation formed by RS underlie the increased strength shown by RS LPSO-type
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Fig. 4. Use of a Mg plate enhances callus formation relative to a Ti plate and strengthens bone relative to non-
fracture controls. Internal fixation was performed on the right tibia of six-month-old female Japanese white
rabbits in either the Ti (group T) or Mg (group M) plate groups (7 rabbits each). Bone union was confirmed 12
weeks later by X-ray analysis of all rabbits (A). Callus formation (B) and volume (C) were analyzed by micro-
computed tomography (uCT) 12 weeks after surgery. Callus is highlighted in yellow (B). Graph showing

mean callus volume (cm?) +s.d. in T versus M groups (n =3, *p< 0.05) (C). Biomechanical strength of bone at
fracture union sites of the M group and at contralateral non-fracture sites, as assessed by three-point bending
tests at 12 weeks after surgery (D). Graph represents mean peak force at failure (N) +SD (each n= 4, *p < 0.05)
at 12 weeks postoperatively.

Mg alloys relative to pure Mg or commercial Mg alloys. It has recently become clear that corrosion resistance
of LSPO-type Mg alloys improves as the cooling rate increases during solidification, and optimized Zn addition
and inclusion of small amounts of Al further improve strength and corrosion resistance. Indeed, our RS Mg-
0.56Zn- 1.5Y- 0.15 Al alloy exhibited ~1.9-2.0 times greater yield strength than does the extruded WE43 alloy
commonly used in bioabsorbable medical devices (data not shown), suggesting that our alloy could be used to
create implant material to treat long bone fracture in humans, a possibility considered impossible until now.
Although the strength of our Mg-Zn-Y-Al alloy is still not as great as that of titanium (data not shown), the
bioabsorbable and radiolucent properties of pure Mg are maintained in our Mg-Zn-Y-Al alloy without severe
adverse events, such as weight loss or even death. We believe these benefits suggest use of our Mg-Zn-Y-Al alloy
rather than pure magnesium. Indeed, the LPSO-type Mg-Zn-Y-Al alloy used here is bioabsorbable but is not
absorbed until sufficient bone healing is achieved, and it strongly activates callus formation at fracture sites. We
found that bone strength at a fracture site treated using this material was significantly higher than that of the
intact contralateral bone without fracture.

There are no reports of harmful effects of using aluminum implants in humans over the complete degradation
phase. Absorption by the body of a large amount of aluminum reportedly causes acute toxicity in mammals, but
the 50% lethal dose (LD50) after a single administration to animals is 2-4 g/kg body weight*®. Implantation of
~0.2 g of Mg-Zn-Y-Al alloy does not reach this value (0.05 g/kg body weight in rabbits), and since Mg-Zn-Y-Al
alloy degrades gradually, there is almost no possibility of acute toxicity. As for continuous intake of aluminum,
there is one report that rabbits administered 1.8 g/day dietary aluminum daily showed some weight loss®.
However, aluminum in the alloy used here was only 0.15 at. % of total elements, an extremely small amount.
Also, we observed no adverse events such as death or weight loss in rabbits implanted with this Mg alloy. Thus,
we believe that toxicity is minimal.

Mg is an essential element, and its deficiency causes tremor, tetany, and convulsions??~42, On the other
hand, there are no known cases of poisoning due to Mg excess*’. The mechanism of Mg-induced activation
of callus formation is not fully understood. Bone healing is generally known to be a process of endochondral
ossification, in which cartilage is formed and then replaced by bone**. Periosteal cells also migrate to the fracture
site to promote bone healing®. In this study, Mg significantly stimulated osteoblast differentiation and calcium
deposition in an osteoblast differentiation system composed of mesenchymal stem cells in vitro, suggesting that
Mg directly promotes bone formation at fracture sites. As noted in the Introduction section, neither Zn, Y, nor
Al was added to improve biocompatibility. Instead, we added those materials to improve strength and corrosion
resistance. Indeed, we could not confirm activation of bone formation with either 0.56Zn, 1.5Y or 0.15 Al at.%
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Fig. 5. Treatment with Mg ions stimulates mineralization of human adipose-derived stem cells (ADSCs).
ADSCs were cultured in osteogenic medium in 24-well plates (2.0 x 10* cells per well) in the presence or
absence of 2.5 or 10 mMOL Mg?*. Culture medium was changed every 4 days. Alizarin Red S staining was
performed on days 13 or 20, and cells were observed microscopically (A). Quantification of Alizarin Red S
stain extracted in 5% formic acid in culture wells, based on absorbance at 450 nm using an iMark Microplate
Absorbance Reader (BIO-RAD). Values were normalized to those in untreated samples. Data represents mean
relative absorbance + SD at day 13 (B) or 20 (C) (each n= 3, *p < 0.05; **p< 0.01).

compared to 97.79 Mg at.% (Supplementary Fig. 1). One experimental limitation, however, is that Y was not in
solution.

Generally, two-phase alloys promote galvanic corrosion due to the potential difference between the matrix
and the phases. However, the LPSO phase of this RS Mg-Zn-Y-Al alloy is finely dispersed. Therefore, our
alloy exhibited good corrosion resistance. We also believe that its necessary mechanical properties will be
maintained until treatment completion of the fractures because we did not see any fracture healing failures in
our experiments. Here, to evaluate issues relevant to fracture treatment potentially due to differences in plate
material, and because we constructed the plate from our magnesium alloy, we used ready-made Ti screws.
Therefore, we believe that we were able to evaluate the difference in fracture treatment effect due to the difference
in the material of the plate. Moreover, differences in mechanical properties highly influence the healing process
in the case of fractures. Indeed, Youngs modulus of our Mg-Zn-Y-Al alloy is equivalent to pure Mg, but lower
than titanium (data not shown). Moreover, relative to the titanium value, Young’s modulus of magnesium and its
alloys is closer to that of bone (data not shown), a property that likely prevents stress shielding and may promote
bone formation.

Mg implants in the body reportedly react with water to produce Mg(OH), and gas, making formation of
hydrogen gas pockets problematic in some cases. Here, we did not assess potential formation of hydrogen
gas pockets because tibiae of rabbits implanted with our magnesium alloy were removed prior to micro-CT
evaluation. Therefore, in this study, we assessed hydrogen gas generation by ultrasonography. Compared to
titanium plates, we observed no evidence of a hydrogen gas reservoir in Mg-Zn-Y-Al-alloy (Supplementary
Fig. 2). Nonetheless, when used as implants, our magnesium alloys may generate hydrogen gas as they undergo
degradation in an aqueous environment. We note that Mg-Zn-Y-Al-alloy clearly enhances bone formation; thus,
we conclude that generation of small amounts of hydrogen gas in this context is not toxic, at least locally. Future
analysis is, however, required to confirm whether this is the case.

Mg is radiolucent, and clinicians may find it is easy to check the fracture site by X-ray examination, even
during plate fixation®. The screws used in this study were made of titanium, but it is thought that the fracture
site can be more easily confirmed by radiographic examination if the screws are also made of Mg. Mg is also
not magnetic, providing an advantage for patients who require MRI scans. Thus, MRI scans to evaluate various
comorbidities other than fractures, such as lumbar spinal canal stenosis, would be possible. Overall, based on
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evidence provided here, LPSO-type Mg-Zn-Y-Al alloys represent a promising metallic material for use in future
fracture treatment.

Conclusion

In summary, a plate with a Mg alloy containing zinc, yttrium and aluminum with LPSO structure was developed
for fracture treatment. As bone fracture treatment, plates made of this Mg alloy have sufficient strength to fix
and stabilize a fracture site. Mg plates also promote osteogenesis at the fracture site. Magnesium significantly
also stimulates calcium deposition in an in vitro osteoblast culture system, suggesting that it directly activates
osteoblast bone formation. Mg plates are bioabsorbable, and once bone union is achieved, a significant portion
is absorbed. Mg plates are also radiolucent, allowing X-ray examination of the fracture site even during fracture
fixation. These properties are relevant to clinical concerns of patients with reduced fracture healing capacity,
such as the elderly, individuals who want to accelerate bone healing, and patients who wish to avoid a second
surgery to remove the plate. This work will provide an innovative paradigm for further research related to
various uses of Mg alloy.

Data availability
The data that support the findings of this study are available from the corresponding author, TM, upon reason-
able request.
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