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Abstract

The surface treatments and various magnesium alloys are applied to improve the fast
degradation rate and resulting negative effects of magnesium alloys. This study aimed
to assess the effect of anodic oxidation treatment of magnesium-calcium (Mg-Ca) systems
by creating artificial bone defects in the tibia of rats. The cylinder magnesium implants
were fabricated using a Mg-xCa (x=0, 1, 5 wt.%) binary alloy. Degradability and new bone
formation were observed at two and six weeks using micro-CT. Histomorphometric param-
eters were evaluated with Goldner’s trichrome staining. The degradation rate decreased
depending on the amount of calcium added. The parameters related to bone formation
revealed an increasing pattern depending on the addition of calcium, anodic oxidation,
and time. The amount of absorbed magnesium to assess degradability of magnesium im-
plants by the histomorphometric analysis revealed a high value in the untreated group at
two and six weeks. Bone healing parameters increased depending on the amount of cal-
cium added, anodic oxidation treatment, and region of interest (ROI—0.5 mm, 1.00 mm,
1.5 mm, and 2.0 mm). Biodegradable magnesium systems have the potential to replace
bone screws and plates. Combination with calcium combined with anodization surface
treatment can improve initial corrosion resistance and promote bone formation.

Keywords: Mg alloy; anodic oxidation; surface treatment; degradability; degradable
Mg alloys

1. Introduction

Metal-based biomaterials mainly used for maxillofacial correction/reconstruction and
fracture surgery have a semi-permanent advantage due to their high inactivity [1]. How-
ever, their long-term presence in the body may interfere with the growth of the cranial
fascia in growing patients, and due to excessive robustness, the bone may be bent or pain
and chronic inflammation may occur. Since it is difficult to obtain accurate information
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due to image distortion during postoperative imaging tests, materials that can be absorbed
in vivo are being developed. This approach also addressed the disadvantage of requiring
follow-up removal surgery after bone healing [2].

Mg-Ca systems directly align with the principles of biomimetics, which focuses on de-
signing materials that imitate natural biological processes for regenerative purposes. Mag-
nesium systems are inherently suited for this approach due to their biodegradable nature
and the gradual release of bone-friendly ions (Mg and Ca) [3,4], allowing them to serve
as a transient scaffold that degrades in vivo while being progressively replaced by new
bone. This process fundamentally mimics the natural dynamic of bone remodeling. The
study’s detailed investigation into the degradability and subsequent new bone formation
on an anodized Mg-Ca surface further exemplifies a biomimetic approach, aiming to cre-
ate an optimized microenvironment that actively promotes cellular activity and guides the
body’s intrinsic healing mechanisms [4]. Thus, it contributes to the development of next-
generation biomaterials for effective bone tissue regeneration.

Recent research has focused on developing biodegradable highly reactive-active met-
als with sufficient strength [5,6]. Among the biodegradable metals, magnesium (Mg) being
studied is an inorganic component that constitutes the human body and is found in bone
tissue in the living body without exhibiting inflammatory reaction or toxicity in the liv-
ing body [7,8]. Moreover, it has advantages, including high biodegradability, lightweight,
and excellent processability. The elastic modulus of Mg is significantly lower than that
of other metals and most similar to bone, which can minimize the stress shielding phe-
nomenon, one of the common causes of implant failure [9]. However, pure magnesium
has low mechanical strength, releases high concentrations of hydrogen (H;) upon degra-
dation [9], and rapidly corrodes in aqueous solutions containing chlorine ions (Cl-) in the
human body [10,11]. The decrease in strength due to corrosion rapidly reduces the support
required for the period of time required for magnesium implants to perform their functions
in vivo. In addition, the bonding force between the bone and the implant is weakened, and
may not support sufficient bone healing [12].

Studies have focused on improving the corrosion resistance and strength of metals
by controlling the degradation rate in vivo with alloying metals [13], particularly Mg-
Ca-based biodegradable systems, which are an essential element and nontoxic to human
cells [13]. Ca is the main component of bone and has little toxicity. Calcium ions (CaZ")
generated during degradation can contribute to osteosynthesis, improve mechanical prop-
erties, and control corrosion rates when alloyed [14-16].

In addition anodization method that forms an oxide layer and a porous surface to form
an oxide film is emerging as a method for controlling the rapid degradation of magnesium.
The film increases bone-implant contact and facilitates osseointegration. Moreover, it can
be used as a medium to transfer factors involved in bone regeneration into the bone [17].
A research report shows that bone healing is promoted by increasing osteoblast adhesion
and activity through changes in the surface structure [18].

Some studies have reported improvements in the mechanical properties and biologi-
cal analysis of anodized Mg-Ca systems [19]. However, few micro-CT and histomorpho-
metric studies have assessed the degradation behavior and bone response of Mg systems
placed into bone defects in experimental animals. This study aimed to evaluate the degra-
dation and bone formation performance of magnesium implants by placing anodized Mg-
Ca systems into the tibia of rats.

2. Materials and Methods

An Mg-xCa (x =0, 1, 5 wt%) binary system was manufactured using an alloying el-
ement of calcium (99.9% Ca, Junsei Chemical Co., Ltd., Tokyo, Japan) and magnesium
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(99.9% Mg, SinoZheng Industrial Inc., Zhengzhou, China). The Mg-xCa binary system
was manufactured in a vacuum arc melting furnace (Vacuum Arc Remelting Furnace, Ace
Vacuum Co., Gunpo-si, Republic of Korea) between 700 and 810 °C in a 5.0 x 10> Torr
vacuum. The molten metal with different components was poured into a steel frame pre-
heated at 200 °C for 2 h. An alloy rod with a diameter of 15 mm was cut into a 2 mm
diameter and 5 mm length cylindrical magnesium implant using a linear precision cutter
(ISOMET® 5000, Buehler, Lake Bluff, IL, USA). The specimens were cleaned and sterilized
with ethylene oxide gas.

The experimental group was divided according to the surface treatment with anodiza-
tion and classified based on the calcium content. Three samples for each group were pre-
pared for observation after 2 and 6 weeks (36 samples) (Table 1).

Table 1. Experimental groups used in this study.

Surface Composition (wt%)
Group Material

Treatment Ca Mg
MN Pure Mg - 100

No Treatment (N) 1CMN Mg-1Ca 1 99
5CMN Mg-5Ca 5 95

Anodic Oxidation 1(1;/[1\? A I;;Il;f\é[ag i 19090
Treatment (A) 5CMA Mg-5Ca 5 95

Electrolyte concentration and treatment conditions used in the surface coating process
of acid treatment and anodization were performed (Table 2). Anodization was performed
by connecting magnesium to the anode and a platinum plate (3 mm x 4 mm x 0.1 mm)
to the cathode (DC Power Supply VUPOWER-AK6003, ICAN, Korea). Calcium glucose
(4 g/L), sodium hexamethaphosphate (3 g/L), and sodium hydroxide (6 g/L) were used as
electrolytes (20-25 °C). Anodization was performed for 15 min by fixing the voltage to
120 V. The samples were washed with running water for 20 min and dried.

Table 2. Anodic oxidation condition for anodization process.

Final voltage 120V
Coating time 15 min
Room temperature 20-25°C
pH 7-8
Calcium gluconate (4 g/L)
Electrolyte solution Sodium hexametaphosphate (3 g/L)

Sodium hydroxide (6 g/L)

This study was conducted with the approval of the Chonnam National University
Animal Experiment Ethics Committee (CNU LACUC-YB-2015-61). Male, 8-month-old
Sprague-Dawley rats (n = 18, average body weight = 250 g) were used. After general anes-
thesia, the surgical site was disinfected with a 10% povidone-iodine solution. After expos-
ing the tibia, a circular bone defect with a diameter of 2 mm was prepared. The specimens
were placed, and the wound was sutured (Vicryl, Ethicon, Raritan, NJ, USA). X-ray imag-
ing confirmed the placement location of the Mg implant. The rats were euthanized with
carbon dioxide (CO;) at the 2nd and 6th weeks.

The implantation location of the specimen on the day of surgery was confirmed using
radiological analysis, and the animals were sacrificed at 2 and 6 weeks after the surgery
to evaluate the bone condition and occurrence of inflammation. A digital dental X-ray
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device (ELITYS X-ray system, Kodak, Lyon, France) was used. Radiographs were taken in
the distal and medial directions of the tibia.

Parameter of micro-CT (SkyScan 1172, SkyScan, Kontich, Belgium) was shown in
Table 3. Table 4 shows the degradation of the Mg implant and microarchitecture analy-
sis of bone formation. To calculate the bone surface area, bone volume, and bone density,
the region of interest (ROI) was designated as 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm from
the outermost point of the specimen surface.

Table 3. Condition of micro-computed tomographic scanning.

Parameters Pre-Set Values
Filter A1 0.5 mm
Voltage 50 kV
Current 201 mA
Frame averaging 5
Rotation step 0.7°

Table 4. Values of micro-computed tomographic scanning parameters.

Parameter Name Symbol Unit
Bone mineral density BMD g/cm2
Bone volume BV mm?3
Bone surface BS mm?
Bone specific BS/BV mm=1
surface
Trabecular thickness Tb.Th mm
Trabecular number Tb.N mm~!

The surface area of the absorbed cylindrical magnesium implant was calculated by
subtracting the surface area of the remaining magnesium implant at 2 and 6 weeks from
the surface area of the initial magnesium implant. The volume of the absorbed cylindrical
magnesium implant (MV) was obtained by subtracting the volume of the initial magne-
sium implant measured at weeks 2 and 6 from the volume of the magnesium implant as
a change in volume over time. The degradation rate of cylindrical magnesium implants
(DR) was derived using the following equation, where AVi is the volume change and Si
is the surface area. AXi, during the time interval, represents the degradation rate by the
degradation width (i is the moment of observation).

AXi . AVi

DRi = 220 AXi =
T A0 2N T TG

(DRi: Degradation rate, AXi: Decomposition width, At: Time change, AVi: Volume
change, Si: Surface area)

Bone surface (BS), bone volume (BV), bone surface ratio (BS/BV), bone mineral density
(BMD), trabecular thickness (Tb.Th), and trabecular number (Tb.N) were measured using
a CT Analyzer Image analysis software (CT-An v1.16, SkyScan, Belgium).

Bone surface, the amount of bone generated between the implant and the surrounding
bone, represents the quantitative measurements of bone formed between the surface of the
cylindrical magnesium implant and the surrounding bone. Bone volume measured the
volume of bone within the ROI range (0.5 mm, 1.0 mm, 1.5 mm, 2.00 mm), and the ratio of
bone surface area to bone volume was quantified as the ratio of surface area of the volume.
Bone mineral density was calculated by obtaining the Hounsfield unit (HU) values for the
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standard phantoms of 0.25 and 0.75 g/cm? and calculating the HU value of the specimen
to be measured by applying the equation.

. Min Max
HU — 0.00935
BMD=—_—""""¢/cm?, BMD 025 0.75

0.0442
HU 0.32502 0.99150

The shape of the bone defect was analyzed with a three-dimensional stereoscopic
image using CT Volume image analysis software (CT-Vol v2.3, SkyScan, Belgium) and
DataViewer analysis software (DataViewer v1.5, SkyScan, Belgium).

After setting the ROI by dividing the cortical bone and the trabecular bone from the
reconstructed two-dimensional image, the trabecular thickness and the trabecular number
were quantitatively analyzed. The trabecular thickness, determined as the average thick-
ness of trabecular bone structure, indicates quantification of the degree of bone filling. The
trabecular number was measured as the number of strands fitting within a unit length
in cross-section.

To analyze the degradability of cylindrical magnesium implants, a digital image was
obtained using Panoramic 250 Flash III (3D Histech, Budapest, Hungary), and the image
was acquired using CaseViewer software (ver. 2.0, 3D Histech, Hungary). The length of
the contact area between the bone and implant was measured using Image ] software 1.54p
and Image Pro Plus 7.0.1 (Media Cybernetics Inc., Silver Springs, MD, USA) to analyze the
healing pattern and degree of bone remodeling and calculate the bone-to-implant contact
ratio and bone amount.

Each extracted tissue sample was dehydrated, penetrated with an ethanol and resin
mixture (Technovit 7200, Heraeus Kulzer, Hanau, Germany), fixed, and embedded. The
UV-cured specimen was attached to the slide using a diamond-cutting system (EXAKT
300 CP, Norderstedt, Germany). The final step was the Goldner trimming (Goldner’s
trichrome stain) for histomorphometric observation of the bone healing pattern and the
degree of remodeling.

After measuring the area of whole cylindrical magnesium implants, the amount of
residual magnesium implant was subtracted from the total magnesium implant area and
expressed numerically to quantify the result. The substituted equation is as follows.

Amount of total magnesium — Amount of residual magnesium
Amount of total magnesium

Amount of absorbed magnesium =

The BIC value was measured using an optical microscope with 100 x magnification.
After measuring the surface length of the total magnesium cylinder, the value obtained by
subtracting the length of the total surface area without bone contact from the overall length
of the Mg implant was expressed as a percentage.

Length on contacted cylinder implant side

1
Overall length on cylinder implant side x100

BIC(bone to implant contact ratio, %) =

The BA value between the bone and the implant was obtained at 100 x magnification,
and the total area was measured by selecting the part of the implant surface where bone
contact occurred continuously and drawing an outline between the lines according to the
ROl setting range (0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm from the outer point of the surface).
The bone formation area was measured, and the ratio was calculated to obtain the bone
amount between the surrounding bone and the implant.

Bone area of according to ROI

o, j—
BA(bone area, %) = Total area of according to ROI

% 100
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A nonparametric statistical test was performed using IBM SPSS Statistical 23 software
(SPSS Version 23, SPSS Inc., Chicago, IL, USA). A Friedman test determined the differences
for each group according to the amount of calcium added, anodization treatment, time, and
ROI settings. A post-test was performed using the Wilcoxon signed-rank test. p <0.05 was
set as the significant level among groups.

3. Results

Experiment results were presented in two ways: micro-CT analysis and histomor-
phometric analysis according to the compositions of the control and experimental groups.

The parameters, according to bone, were calculated using the sections of Mg implant-
surrounding tissues called ROI setting range 0.5 mm, 1.0 mm, 1.5 mm, and
2.0 mm (Figure 1).

Figure 1. Bone amount of tissue section (a) and radiographic image (b) based on ROI range at
0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm apart from the innermost point of the cylinder magnesium
implant surface.

3.1. Clinical Evaluation

Macroscopic findings showed that hydrogen bubbles were formed in two out of
three cylindrical magnesium implants in the MN group and one out of three cylindrical
magnesium implants in the MA group at two weeks, causing the defects to swell consid-
erably; the detachment of the implanted cylindrical magnesium implants was also con-
firmed. However, in all groups except this one, the wounds healed well without any
dehiscence, infection, or fracture at two and six weeks. The cylindrical magnesium im-
plants were confirmed to heal well within the bone without external exposure or specific
inflammatory findings.

X-ray imaging revealed that two out of three cylindrical magnesium implants in the
MN group and one of three cylindrical magnesium implants in the MA group had hydro-
gen bubbles (Figure 2). Hydrogen bubbles occurred in the first two weeks after implanta-
tion, but no hydrogen bubbles occurred at six weeks, indicating no effect in the later period
after implantation. Implants were placed in appropriate positions without inflammation
or hydrogen bubbles in all other groups.
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(e)

Figure 2. Digital photograph of MN and MA groups at two weeks. (a) MN group tibia area with
bubble generation, (b) MA group tibia area with bubble generation, (c) cylindrical magnesium im-
plants missing due to bubbles, radiographs of two weeks post-surgery. (d) 5CMA, normal rat,
(e) MA, bubbled rat.

3.2. Micro-CT Analysis
3.2.1. Mg Implant Analysis

The surface area (MS) of a Mg implant that degraded and absorbed over time was cal-
culated (Figure 3a). Although an increased calcium amount upped the absorbed surface
area in Mg implants, there was no significant difference (p > 0.05). Among all groups re-
ceiving the anodizing surface treatment with different amounts of calcium, the surface area
of the absorbed implants in the MN groups was significantly higher than that in the MA
groups and increased at 6 weeks (the later stage of degradation) compared to two weeks
(the early stage of degradation). The absorbed surface area values according to time and
anodizing surface treatment were statistically significant at p < 0.05.

This study evaluated the total volume of the magnesium implant (MV) degraded and
absorbed over time (Figure 3b). In the second week, the MN group in all graphs had higher
absorbed implant volume values. However, in the 6th week, the 5CMA group exhibited
significantly higher values than the 5CMN group. Overall, the volume of implants ab-
sorbed at six weeks was greater than at two weeks, with a statistically significant difference
(p <0.05). As the amount of added calcium increased, the volume of absorbed magnesium
implant decreased, but this difference was statistically insignificant (p > 0.05).

The degradation rate of cylindrical magnesium implant (DR) value of Mg implants
was obtained based on anodization surface treatment (Figure 3c). Increased calcium was
associated with a low degradation rate; however, there was no significant difference
(p > 0.05). The MN group showed a significantly higher degradation rate than the MA
group (p < 0.05). Implant degradation increased rapidly in the first two weeks; however,
the degradation rate tended to increase gradually up to six weeks.
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Figure 3. In vivo degradation performance of magnesium implant cylinder during the period, as-
sessed via pCT measurements: (a) absorbed magnesium surface, (b) absorbed magnesium volume,
(c) magnesium implant cylinder degradation rate. [*: There was a significant difference between
groups according to time, #: there was a significant difference between groups according to anodic
oxidation treatment].

3.2.2. Bone Formation Analysis

The bone surface area (BS) values within the ROI range tended to increase as the
amount of incorporated calcium increased (Figure 4a). All BS measurements showed a sig-
nificant increase in the MA group compared to the MN group, and the 5CMA group had
the highest BS value. The BS values in both the MN and MA groups showed a significant
increase in the sixth week compared to the second week. The numerical value significantly
improved as the range expanded based on the ROI setting criteria, with statistically signif-
icant differences depending on the amount of calcium added, anodized surface treatment,
time, and ROI range (p < 0.05).

As the amount of calcium added increased, the bone volume (BV) values tended to
increase, and the bone volume values were significantly higher in the MA group than in
the MN group (Figure 4b). The values were higher in the six weeks after degradation than
in the two weeks after degradation. The values significantly increased as the ROI range
widened, with statistically significant differences depending on the amount of calcium
added, anodized surface treatment, time, and ROI range (p < 0.05).

The significant decrease in the ratio of bone surface area to bone volume (BS/BV) value
was confirmed depending on the amount of calcium added (Figure 4c). The value de-
creased at six weeks after degradation compared to the initial two weeks. In particular,
the 5CM group at two and six weeks showed a higher decrease than the MN group. The
MA group showed lower values than the MN group in all graphs. A wider ROI range was
associated with a more significant decrease (p < 0.05).
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The bone mineral density (BMD) value within the ROI range increased as calcium was
added to the alloy (Figure 4d). The BMD value of the MA group significantly increased
in all graphs. Degradation measurements in 6 weeks increased in all groups compared
to degradation in two weeks. The BMD values significantly increased as the ROI range
widened. There was a significant difference depending on the amount of calcium added,
anodization surface treatment, time, and ROI range (p < 0.05).
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Figure 4. Bone surface (a), bone volume (b), bone specific surface (c), bone mineral density (d) at each
region of interest. [*: there was significant difference between each group at any region of interest].

The graph shows the trabecular bone thickness (Tb.Th), quantified as a distribution
of average thickness and thickness for each section (Figure 5a). As the amount of calcium
added increased, the Tb.Th value also increased. The MA group had a higher value for
trabecular bone thickness than the MN group, and the value significantly improved at
six weeks of degradation rather than two weeks (early stage of degradation). The
ROI value significantly increased as the range widened, with a significant difference
according to the amount of calcium added, anodization surface treatment, time, and
ROI range (p < 0.05).

The graph numerically represents the number of strands that fit into a specific unit
length (Figure 5b). As the calcium content increased, the number of trabecular bone (Tb.N)
increased, and the value significantly improved in the MA group compared to the MN
group. It showed a significant increase at six weeks compared to two weeks, and it was
expected that the arrangement would become more solid in the process of bone remod-
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eling than in the initial fixation. Moreover, the value of the number of bone trabeculae
significantly increased as the ROl range widened, with a statistically significant difference
depending on the amount of calcium added, anodized surface treatment, time, and ROI

range (p <0.05).
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Figure 5. Trabecular thickness (a) and trabecular number (b) at each region of interest. [*: there was
significant difference between each group at any region of interest].

3.3. Histomorphometric Analysis
3.3.1. Goldner Trichrome Stain

Figure 6a shows the results of histomorphometric analysis. Goldner’s trichrome stain
was used to analyze the healing pattern and degree of bone remodeling. Inflammatory
cells were scarce throughout the defect area, but some new bone and osteocytes were ob-
served. Implant degradation was more active in the MN group than in the MA group, and
it was confirmed that more was dissolved at six weeks compared to the two-week specimen
after implantation. In particular, the MN group showed a high reactivity and degradation
rate. However, as the amount of calcium added increased, the degradation rate decreased
significantly, and the 5CM group was most similar to the appearance of the cylindrical
magnesium implant before implantation compared to the implants in other groups.

Figure 6b shows an enlarged photograph of the lower part of the tibia in the 5CM
group at six weeks. The 5CMA group showed dissolved surfaces and partially formed
new bone around the implants with osteocyte migration. Some bubbles observed around
the implant surface were identified as implant degradation products generated during tis-
sue sectioning. However, the 5CMN group showed no osteocyte formation due to partial
degradation of the magnesium implants.

3.3.2. The Amount of Absorbed Cylindrical Mg Implant, Bone-Implant Contact Rate
(BIC), and Bone Amount (BA)

Figure 7a shows the absorbed Mg implant using the volume fraction of the alloy as a
function of the amount of Mg absorbed. The amount of absorbed magnesium implant de-
creased with the anodization surface treatment, and the MA group showed a significantly
higher amount of remaining implant than the MN group, particularly at six weeks than at
two weeks. The 5CMN group showed a higher amount of absorbed Mg implant 6 weeks
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after degradation. As the amount of calcium added increased, the amount of absorbed
magnesium implant increased but was statistically insignificant (p > 0.05).

S

Calcium

Surface
“~._Treatment

~

2 weeks 6 weeks

No Treatment Anodic Oxidation Treatment No Treatment Anodic Oxidation Treatment

RY: 5

3 .‘ 44
Implant surface melting Pods

Implant

VS

=

Figure 6. Histologic images of sectioned specimen (a), histologic images of treated and untreated
specimens in six weeks (b) 5CMN-left and 5CMA-right are shown.

The length of the bone-implant contact area increased at six weeks rather than
two weeks, and the contact rate showed a significant increase with increased amounts
of calcium in all graphs (Figure 7b). The MA group showed a higher value than the MN
group, confirming that the contact rate between the bone and cylindrical magnesium im-
plant improved by the anodizing surface treatment. The increase in the contact rate be-
tween the bone and the implant, according to the amount of calcium added, anodizing
surface treatment, and time, showed a significant difference (p <0.05).

As the ROl range widened, the bone amount (BA) increased, showing a significant in-
crease with increased amounts of calcium (Figure 7c). The bone amount tended to increase
significantly in the MA group compared to the MN group. The results showed a statisti-
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cally significant difference according to the amount of calcium added, anodizing surface
treatment, time, and ROI range (p < 0.05).
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Figure 7. Graph showing the amount of absorbed alloy. (a) Diagram showing the percentages of
implant surface contacted to bone; (b) diagram showing the percentages of bone formation area
inside the cylinder magnesium implant; (c) [*: there was significant difference among groups ac-
cording to time; #: there was significant difference between the each group according to anodic
oxidation treatment.].

Bone-implant contact (%)
T

4. Discussion

Various methods have been explored to control the rapid degradation rate of magne-
sium. Several surface treatment methods control the degradation rate by increasing the
thickness of the implant film layer. Surface treatment techniques, such as anodization, can
improve corrosion resistance by creating a desirable surface area and controlling the initial
degradation rate [20]. In particular, anodization has effectively increased implant surface
area and modified the surface shape to promote osseointegration. This surface modifica-
tion is consistent with the findings in this study, as the MN group showed a significantly
higher degradation rate than the MA group.

Anodization is a surface treatment method that uses an Mg implant as the anode and
platinum as the cathode to produce an oxide film on the implant surface through galvanic
action by passing an electric current in an electrolyte solution [20]. The anodized surface
layer obtained through this electrochemical process is crucial in bone healing as it improves
biocompatibility by inhibiting metal dissolution in the body [21]. Moreover, it has shown
rapid bone healing and increased implant stability in animal experiments due to the porous
surface structure [22].
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Although previous research has evaluated osseointegration using surface-treated im-
plants in various ways [18], there are few micro-CT and histometric studies on alloying
and anodization surface treatments. Therefore, this study aimed to analyze the degrad-
ability and degree of new bone formation of magnesium implants by coating the surface
with anodization treatment on Mg-Ca system implants.

Magnesium-based bone implants react with water, releasing hydrogen gas (H;), and
degrade by forming magnesium oxide. Magnesium oxide reacts with water to form mag-
nesium hydroxide [23,24]. Increased levels of magnesium hydroxide in the body raise the
surrounding pH, creating an alkaline environment known to enhance bone response [25].
Furthermore, magnesium hydroxide demonstrates good biocompatibility and osteocon-
ductive properties [26].

Radiological analysis of the magnesium implants revealed hydrogen gas (H) produc-
tion in the pure magnesium group at the beginning of degradation at two weeks. However,
hydrogen gas (H;) generation was not observed as the calcium content increased, even
six weeks after degradation. Xue et al. reported bubble formation within one month of im-
plantation [27], consistent with the results of this study. Hydrogen gas diffuses through
the tissues and is eliminated in the body, such as in the bloodstream and kidneys [28,29].
Thus, the initial degradation rate of magnesium at two weeks was too fast, and hydrogen
gas continued to be generated before being absorbed and disappearing in the body. At the
end of six weeks, the degradation rate slowed, and hydrogen gas was naturally absorbed
into the body. Magnesium implants degrade quickly in aqueous solutions, particularly
before a stable degradation layer forms. The accumulation of corrosion products, such as
magnesium hydroxide and calcium phosphate, forms a partially protective surface layer
that slows down further degradation. However, this layer is often porous and may gradu-
ally break down or dissolve in vivo, allowing degradation to continue at a slower but still
progressive rate up to six weeks. Additionally, bubbles were generated in 3 of 36 cylin-
drical magnesium implants on radiographic images. Other magnesium implants healed
without wounds, infection, and inflammation during the observation period.

The degradability of magnesium implants evaluated by micro-CT analysis showed
that the surface area and volume of the absorbed magnesium implant significantly de-
creased on anodized surfaces. In the graph showing the volume of absorbed magnesium
implants, the 5CMA group showed a significantly higher value than the 5CMN group at
6 weeks, which was the later stage of degradation. The rapid increase in magnesium degra-
dation can be explained by pitting corrosion [30]. Some alloys can rapidly degrade due to
localized corrosion damage, and localized coating destruction accelerates corrosion [31].
Localized damage is a well-known phenomenon in untreated magnesium alloys [32], but
little is known about the stable resistance to localized corrosion in body fluids of the group
treated with micro-arc oxidation (MAOQO). Therefore, additional research on the rapid de-
grading mechanism caused by surface treatment is necessary.

In this study, the degradation rate of Mg implants was significantly reduced in all
groups after two weeks of initial degradation and six weeks of final degradation after an-
odization. Gu et al. showed that micro-arc oxidation surface treatment (based on plasma
electrolyte oxidation technology) can reduce the corrosion rate by up to 90% [33]. Fischer-
auer et al. found that volume loss and degradation rate decreased when the surface was
treated with micro-arc oxidation [34]. The average degradation rate of the micro-arc oxi-
dation surface treatment group at the initial stage after implantation was 0.25 mm/a, and
that of the untreated group was 1.7 mmy/a [34]. Chen et al. noted an average degradation
rate of 1 mm/a for eight weeks, while the composite-coated group showed a degradation
rate of only 0.13 mm/a [30]. Thus, the effect of the micro-arc oxidation coating was clearly
demonstrated by rapid degradation in the untreated group. The decomposition rate in the
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untreated group of this study was more rapid than that in the anodized group in the first
two weeks of degradation because anodization produced a protective oxide layer on the
surface, which controlled the rapid initial degradation rate of the alloy. The pH concentra-
tion increased due to the increase in magnesium hydroxide (Mg(OH),) generated during
magnesium implant degradation, and the in vivo environment reached a pH of seven or
higher. Such an alkaline environment delayed further degradation because it promoted
the growth of the protective implant oxide layer [35,36]. The dense oxide layer reduces the
degradation rate after two weeks of initial corrosion and maintains a lower rate through
six weeks, aided by the subsequent deposition of calcium phosphate minerals that further
protect the surface. Material properties, such as degradation rate, can be controlled by
processing, alloying, and coatings [29,37]. In particular, surface treatment can effectively
increase the corrosion resistance of magnesium alloys during initial degradation and in-
crease surface biological activity, improving the degradation rate later [34].

Micro-CT analysis shows that bone surface area and volume increase can improve
stability during healing. Witte et al. reported that the degradable magnesium scaffold pro-
moted bone formation, and more mature bone formed around the degradable magnesium
scaffold [38]. They inferred that the corrosion rate slowed because the protective magne-
sium oxide layer and magnesium hydroxide surface layer formed after one week, and the
bone volume increased later [39]. The results of this study confirmed that the bone surface
area and volume significantly improved with surface anodization. Depending on the var-
ious methods of surface treatment, the components formed on the surface induce changes
in surface energy and roughness [40]. Changes in surface roughness play an important role
in enhanced surface cell attachment and the rate of osseointegration [41,42]. Thus, the rise
in surface roughness with increasing Ca concentration can be attributed to the formation of
precipitates during anodization in sodium hydroxide and sodium phosphate electrolytes,
which induced cell adhesion and increased osseointegration [43,44]. This study showed
that the surface area and volume of bone tended to increase with increased amounts of
calcium and anodization treatment showed as higher bone volume in MA group compare
to MN group. Calcium (Ca) is an essential and non-toxic mineral in the human body. Cal-
cium ions (Ca?*) generated during decomposition can facilitate osseointegration [45,46].
Moreover, it can improve mechanical properties and corrosion rates by enabling the for-
mation of Mg-Ca phosphates [39,42,47]. Our study results showed that calcium added to
the magnesium systems promoted bone formation and influenced bone bonding.

Since the implant surface is exposed to the physiological environment, an initial thin
layer of magnesium hydroxide is produced, which can be partially destroyed by chloride
ions within the body. The controlled degradation of Mg—Ca systems leads to a sustained
release of Mg?* and Ca?" ions, both of which play a significant role in bone regeneration.
While magnesium ions enhance osteoblast proliferation and angiogenesis through signal-
ing pathways such as Wnt/3-catenin and enhance alkaline phosphatase activity to enable
early matrix mineralization, calcium ions contribute to osteoblast differentiation and hy-
droxyapatite crystal deposition via calcium-sensing receptor signaling [48,49]. The local
increase in pH during degradation allows the deposition of a bone-like apatite layer on
the implant surface, which improves cell adhesion and serves as a biologic interface for
the growth of new bone [50,51]. The process supports the sequential phases of bone heal-
ing: early inflammation modulation, recruitment and proliferation of bone-forming cells,
and ultimate maturation of mineralized tissue.

According to these mechanisms, findings in this study indicate the higher the value of
the trabecular bone thickness, which shows the distribution of the thickness by section un-
der micro-CT analysis, and the bone trabecular number, which quantifies the point where
the cancellous bone strands overlap, the higher the bone density and bone reinforcement.
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Witte et al. reported that increased bone trabeculae around magnesium scaffolds formed
mature bone during osseointegration and showed better mechanical support [38]. In this
study, bone trabecular thickness and number increased with increased calcium content,
and the values improved in the anodized group compared to the untreated group. This
finding indicated that surface treatment improved bone density, increasing the overlap-
ping points with bone and thereby enhancing the mechanical strength of bone. Moreover,
bone trabecular thickness and number significantly improved at six weeks compared to
two weeks after degradation. It is judged that the thickness and number of trabecular
bone become more solid in their arrangement during the bone remodeling process than
during the initial fixation period.

Micro-CT analysis showed that bone density significantly increased with calcium ad-
dition and anodization surface treatment. Since new bone is formed as the implant dis-
solves, the increase in bone density over time can be confirmed by the mineralization of
new tissue [47]. Paul et al. reported that the porous surface of treated implants and re-
duced hydrogen gas generation enabled new bone formation around the implant due to
increased corrosion resistance [52]. Side effects due to high magnesium levels are rare,
as the kidney can regulate the concentration of magnesium ions (Mg?*) in the body [53].
Studies show that magnesium ions impregnated in implants can increase the activity and
attachment of osteoblasts, promoting new bone formation [54]. The results of this study
indicated that magnesium ions generated from the reaction with body fluids could activate
cells and influence bone formation. The bone density is improved by increasing the ratio of
the contact area between the bone and the implant through anodization surface treatment.
It is considered that the supporting ability of the implant is improved due to the increased
bone density.

According to micro-CT analysis, a higher bone surface area to bone volume ratio im-
plies a complex and thin structure, while a lower value represents a simple and thick
structure [55]. It is a numerical parameter that determines whether the bones are more
thinly spread or more thickly gathered. Thus, a lower bone surface area to bone volume
ratio denotes thicker bone structure and improved load-bearing capacity [56]. In this study,
the ratio of bone surface area to bone volume decreased with calcium addition. Further-
more, the numerical value for the anodization surface treatment group was significantly
lower than that for the untreated group, suggesting that anodization surface treatment in-
fluenced bone thickness. In particular, the value decreased in the sixth week after degrada-
tion compared to the second week in the early stage of degradation. This finding suggested
that anodic oxidation surface treatment would have a more positive effect in supporting
the bone by thickening the structure during the bone remodeling period when the shape
of the bone changes again.

Histological analysis using Goldner’s trichrome staining showed that pure magne-
sium implants showed the most degradation, and dissolution around the implants was also
observed. The anodized group showed more new bone and osteocytes than the untreated
group in this study. In histomorphometric analysis, the amount of absorbed magnesium
implants was expressed as decreased implant volume in the Mg-Ca systems. A histolog-
ical analysis by Berglund et al. showed that hydrogen gas production in the early stage
of implant degradation was related to decreased implant volume [47]. This study found
that magnesium implants rapidly degraded in the first 2 weeks. According to Berglund
et al., faster degradation of the alloy in the early stage was attributed to tissue damage
or the amount of accumulated body fluid [47]. Moreover, this study confirmed that the
amount of remaining magnesium implants increased with the addition of calcium, and the
number of absorbed magnesium implants was significantly lower in the anodized surface
treatment group. Thus, alloying with calcium and anodization surface treatment creates



Biomimetics 2025, 10, 583

16 of 19

an oxide layer, which acts as a barrier to the degradation of magnesium, improving its
mechanical strength and corrosion resistance [33,57].

Based on histomorphometric analysis, the length of the bone-implant contact area
showed a better bone contact rate at 6 weeks than at 2 weeks. The length significantly in-
creased as the amount of calcium added increased, showing the highest value in the 5CMA
group. Rahman et al. reported faster bone growth and excellent mechanical bonding in
implants with irregular surfaces [58]. Martinez et al. reported that implants with rough
surfaces showed higher bone-implant contact rates than implants with flat surfaces [50].
A study investigating the effect of surface roughness on bone-implant bonding reported
that improved surface roughness enhanced bone-implant contact [59]. In summary, in-
creased surface roughness of implants improves osseointegration [60]. Increased surface
area due to anodization surface treatment enhanced the interface between the bone and
the magnesium implant, thereby improving contact with bone.

Histomorphometric analysis showed that the amount of bone tended to increase as
the calcium content increased. Moreover, the value significantly increased according to
the anodization surface treatment. A study by Davies showed that increased surface area
due to increased roughness facilitated the attachment of fibrous proteins (fibrin), inducing
osteoconductivity, which increased bone healing and bone formation [61]. Therefore, sur-
face roughness and the oxide layer formed by anodization surface treatment facilitate the
reaction with bone, resulting in new bone formation around the implant.

5. Conclusions

Within the limitations of this study, biodegradable Mg-Ca systems treated with an-
odization have potential clinical applications because calcium addition and formed oxide
films can slow the initial degradation rate of the implant and produce a surface morphol-
ogy that promotes sufficient bone healing in the defect. Since the appropriate amount
of Mg-Ca systems, optimal anodization treatment conditions, and the exact degradation
mechanism have not been elucidated yet, further studies on the bioabsorbability of mag-
nesium implants and scanning methods (such as deep learning technology) that reduce
the metal artifacts (seen in micro-CT) are needed in the future. However, our study re-
sults have shown the positive effects of alloying and surface treatment on controlling
the initial degradation rate of magnesium implants and inducing osteogenesis. The an-
odization filming of bioabsorbable magnesium systems is considered an appropriate sur-
face treatment method for treating jaw fractures to provide adequate bone healing time
meanwhile degradation.
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Abbreviations

The following abbreviations are used in this manuscript:

Mg-Ca Magnesium-—calcium
ROI Region of interest
Mg Magnesium

H, Hydrogen gas

Cl~ Chlorine ions

Ca Calcium

CaZ* Calcium ions

MS Magnesium surface
MV Magnesium volume
DR Degradation rate

BS Bone surface

BV Bone volume

BS/BV Bone surface ratio
BMD Bone mineral density
Tb.Th Trabecular thickness
Tb.N Trabecular number
HU Hounsfield unit

BIC Bone-to-implant contact ratio
BA Bone amount

MAO Micro-arc oxidation

Mg(OH), Magnesium hydroxide
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