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Abstract
The corrosion of magnesium (Mg)-based bioabsorbable implanting devices is influenced by
implantation environment which dynamically changes by biological response including wound
healing. Understanding the corrosion mechanisms along the healing process is essential for the
development of Mg-based devices. In this study, a hematoma model was created in a rat femur to
analyze Mg corrosion with hematoma in the early stage of implantation. Pure Mg specimen
(99.9%, φ1.2× 6 mm) was implanted in rat femur under either hematoma or non-hematoma
conditions. After a designated period of implantation, the specimens were collected and weighed.
The insoluble salts formed on the specimen surfaces were analyzed using scanning electron
microscopy, energy-dispersive x-ray spectroscopy, and Raman spectroscopy on days 1, 3, and 7. The
results indicate that hematomas promote Mg corrosion and change the insoluble salt precipitation.
The weight loss of the hematoma group (27.31± 5.91 µg mm−2) was significantly larger than that
of the non-hematoma group (14.77± 3.28 µg mm−2) on day 7. In the non-hematoma group,
carbonate and phosphate were detected even on day 1, but the only latter was detected on day 7. In
the hematoma group, hydroxide was detected on day 1, followed by the formation of carbonate and
phosphate on days 3 and 7. The obtained results suggest the hypoxic and acidic microenvironment
in hematomas accelerates the Mg corrosion immediately after implantation, and the subsequent
hematoma resorption process leads to the formation of phosphate and carbonate with organic
molecules. This study revealed the risk of hematomas as an acceleration factor of the corrosion of
Mg-based devices leading to the early implant failure. It is important to consider this risk in the
design of Mg-based devices and to optimize surgical procedures controlling hemorrhage at
implantation and reducing unexpected bleeding after surgery.

1. Introduction

Biomedical application of magnesium (Mg) alloys
as fracture fixation devices has been researched
worldwide [1, 2]. Because Mg alloys have bioab-
sorbability and adequate strength, their biomedical
application in orthopedic and maxillofacial areas
will change the design and function of existing
osteosynthesis implants, replacing conventional Ti
and absorbable polymers [2–4]. However, Mg alloys

react with water immediately after implantation;
the highest corrosion rate is generally observed
immediately after the implantation [5]. The cor-
rosion of Mg alloys depends on the surrounding
environment, especially the pH of the electrolyte
[6–9].

Mg corrosion in the simulated body fluid results
in the releases of Mg ions (Mg2+), hydroxide ions
(OH−), and hydrogen (H2) gas. The corrosion of Mg
are described by the following reactions [3, 10]
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Mg→Mg2+ + 2e− (anodic reaction) . . . (1)

2H2O+ 2e− →H2 + 2OH− (cathodic reaction) . . .
(2)

Mg + 2H2O→Mg2+ + 2OH−

+H2 (overall reaction) . . .. (3)

The released OH− ions increase the pH of the
electrolyte surrounding the Mg specimen [11, 12]
and causes the precipitation of insoluble salts such as
hydroxide, carbonate, and phosphate [12, 13]. In case
of a simple simulated body fluid such as 0.9% NaCl,
which has a limited buffering capacity, Mg(OH)2 is
precipitated on the Mg surface. However, it is con-
verted to highly water-solubleMgCl2 by chloride ions
(Cl−) by the following reaction [14].

Mg(OH)2 + 2Cl− →MgCl2 + 2OH−. . .. (4)

Since body fluids contain calcium and phosphate
ions, the precipitation of calcium phosphate on the
specimen surface is reported [10]. The formation
of an insoluble salt layer on the specimen surface
hindered the contact of water molecule to the Mg
metal substrate, resulting in the retardation of the
corrosion.

As in the above reaction (3), the H2 generation
rate is proportional to the Mg corrosion rate; it also
decreases with increase in insoluble salt precipitation.
The released ions and generated H2 diffuse into the
tissue by dissolving into the body fluid and capillary
flow. When the H2 generation is larger than H2 dif-
fusion, the gas cavity is formed in the tissue [15].
Subsequently, the H2 generation decreases and capil-
lary grows, which gradually results in the reduction of
gas cavity volume in the tissue.

The corrosion of the implanted Mg alloys is
susceptible for complex physiological environment
influenced by implantation site, ionic concentration,
and diffusion capacity of the surrounding tissue [16].
It is further complicated by the action of cells in
wound and fracture healing at the implantation site,
which induces the dynamic changes in the circulat-
ory environment due to angiogenesis and granulation
[17]. Surgical intervention and bleeding at fracture
sites can also be one of the influencing factors; a
certain amount of hemorrhage forms a hematoma,
which generates a hypoxic microenvironment indu-
cing anaerobic metabolism resulting in lactic acid
production and an acidic environment [18–20]. This
environment becomes evenmore acidic by osteoclasts
activities [21]. Moreover, an acidic environment at
the fracture site induces resorption of hydroxyapat-
ite from the bone, which increases calcium and phos-
phate ions in the body fluids [18].

In clinical cases of fracture fixation, the hem-
atoma formation occurs at a certain rate due to
insufficient hemostatic technique and unexpected
bleeding [22]. It may also be influenced by the
fracture conditions and patient underlying disease.
Unexpected bleeding is not considered to cause a ser-
ious damage on conventional, non-absorbable metal
fixtures, however, no information is available for
Mg-based, bioabsorbable fixtures. Clinically available
Mg-based device is suspected to cause complications
such as infection and osteolysis in about 13.3% of
cases, which remains a problem that must be solved
[15, 23, 24].

It is mandatory for Mg-based devices to con-
trol their corrosion to achieve the clinical success.
Analysis of the corrosion mechanism of Mg in the
early implantation phases is essential for better con-
trol of its corrosion behavior in physiological envir-
onment. As most implantation studies were per-
formed in normal tissues, such as marrow cavity,
or intramuscular tissue adjacent to bone [25–27],
the effects of hematoma on Mg corrosion remain
unclear. A few in vitro studies reported the higher
Mg2+ release from the Mg alloys in contact to whole
blood for 6 h than in PBS(-) or plasma [28, 29].
However, no report describes the detailed relation-
ship between Mg corrosion behavior and hematoma
within one week of implantation in vivowith detailed
analysis of the insoluble salts formed on the specimen
surface.

This study aims to analyze the effect of hematoma
on Mg corrosion and insoluble salt precipitation in
the early phase of implantation. Through the study,
we can obtain useful and unprecedented knowledge
on themechanism ofMg corrosion in vivo, which will
contribute to the development and improvement of
the quality of Mg-based devices for fracture fixation.

2. Methods

2.1. Test materials
Commercially available pure Mg wire (99.9%,
φ1.2 mm, MACRW Co., Ltd, Shizuoka, Japan) was
cut into 6 mm lengths and both ends were polished
with JIS #2500 using a SiC paper. The nominal com-
positions of theMgwires are listed in table 1. The nat-
ural oxide film on the specimen surface was removed
by immersion into a nital solution (5% nitric acid in
ethanol) at 20 ◦C in an ultrasonic cleaner, and the
specimen was washed with ultrapure water before
drying under vacuum [30, 31]. The pretest weight
of each specimen (W0 [mg]) was measured using
an electronic balance (BM-5; A&D Corporation,
Tokyo, Japan). The specimen length was decided
based on the W0, specimen radius (0.6 [mm]),
and the density of pure Mg (1.738 [mg mm−3]) as
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Table 1. Composition of the pure Mg wire (mass%).

Al Mn Zn Si Cu Ni Fe Mg

pure Mg (99.9%) 0.009 0.011 0.016 0.003 0.008 0.001 0.002 Bal.

Figure 1. Sample placement in rat femur. Non-hematoma group (left) and hematoma group (right).

W0/(π × 0.62 × 1.738), which giving the initial sur-
face area of the specimen (S0 [mm2]) by equation (1),

S0 = 2× 0.6× 0.6×π +
2×W0

0.6× 1.738
. (1)

2.2. Implantation in rats
The animal experimental protocol was reviewed and
approved by the Animal Care and Use Committee of
Tohoku University (Sendai, Japan, approval number:
2022MdA-009-01). It follows the Guide for the Care
and Use of Laboratory Animals, 8th ed. (National
Research Council, revised in 2010). Eleven-week-old
Wistar rats were purchased and acclimatized with
normal feed and tap water for one week. Six twelve-
week-old rats (mean weight: 272 ± 10.4 [mg]) were
assigned to each of implantation periods (1, 3, 7 d)
and implantation surgerywas performed. Three addi-
tional animals per each implantation period were
subjected to implantation for analysis by scanning
electronmicroscopy (SEM) andRaman spectroscopy.

2.3. Implantation procedure
General anesthesia was induced by inhalation of 5.0%
isoflurane (isoflurane for animals, Intervet, Tokyo,
Japan), and the concentration of isofluranewasmain-
tained at 2.5 [vol.%] intraoperatively. Local anes-
thesia was performed by subcutaneous injection of
1% lidocaine with epinephrine (<0.01 mg kg−1;
Xylocaine®□ injection 1% epinephrine, AstraZeneca,
Osaka) in the middle thigh. A 1 cm long skin incision
was made in the middle of the thigh followed by care-
ful dissection of the intermuscular space approach-
ing to the femur mind avoiding unnecessary bleed-
ing. The groupwithout hemorrhage from the femoral
bone marrow was defined as the non-hematoma
group (figure 1, left). In the other group, after a
femoral approach was prepared by the same manner
to the non-hematoma group, a hole of 1.6 mm dia-
meter was drilled by a steel bar (ST1 HP 016, Hager &

Meisinger GmbH, Germany) in the anterior aspect of
the femur to create a hematoma. Then, the implanta-
tion space of approximately 4–5 mm wide, 8–10 mm
long, and 3–4 mm in depth was filled with approx-
imately 200 mm3 of hematoma, and the entire speci-
men was inserted in the hematoma. The group with
this bone hole was defined as the hematoma group
(figure 1, right). After insertion of the specimen, the
fascia was closed using nylon thread to prevent the
specimen from displacement, and the wound was
closed with skin sutures.

Every rat received 2 specimens; 1 on its left femur
for the hematoma condition and 1 on its right for
the non-hematoma condition. For theweight loss and
insoluble salt quantification, 6 specimens are used per
group per implantation period. For the scanning elec-
tron microscope equipped with an energy-dispersive
x-ray spectrometer (SEM-EDX) and Raman spectro-
scopy, 3 specimens were employed per group per
implantation period. The weights of the specimens
from the non-hematoma and hematoma groups
were 10.678 ± 0.085 mg and 10.843 ± 0.073 mg
respectively.

After implantation, the experimental animals
were kept individually in cages; there was no signific-
ant weight loss in all animals. No signs of infection
such as wound dehiscence or drainage were identi-
fied in all cases, although no antibiotics were admin-
istered. The animals were euthanized to collect the
specimen for analysis on days 1, 3, and 7. At the time
of specimen collection, all specimens were in contact
with the femur. Collected specimens were vacuum
bagged to prevent oxidation and stored in vacuum
desiccators.

2.4. Specimen weight measurement
The specimens were collected and washed with
ultrapure water before vacuum drying. The weight
of the specimen after implantation (W1 [mg]) was
measured to calculate the weight of insoluble salt
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per unit surface area (W inso [mg mm−2]) using
equation (2),

Winso =
W1 −W0

S0
. (2)

Each of the six specimens per group per implant-
ation period was immersed in 5 mL of a chromic
acid mixture (20 g of CrO3, 1 g of AgNO3, and 2 g
of Ba(NO3)2 in 100 ml distilled water) to remove
the insoluble salts and rewashed with ultrapure water
before vacuum drying. The chromic acid mixture
after specimen immersion was collected for further
analysis (section 2.5).

The weight (Wr [mg]) of each specimen after
chromic acid cleaning was measured to calculate the
weight loss per unit surface area (W loss [mg mm−2])
using equation (3),

Wloss =
W0 −Wr

S0
. (3)

2.5. Quantitative analysis of insoluble salts
Mg, calcium (Ca), and phosphorus (P) in the collec-
ted acid mixture were quantitatively analyzed using
inductively coupled plasma-mass spectrometry (ICP-
MS). The difference between the elemental concen-
tration in the collected chromic acid mixture (Ccp

[µg mL−1]) and that in the unused acid mixture
(Ccontrol [µg ml−1]) gave the amount in precipita-
tion per unit surface area Wcp [mg mm−2] using
equation (4),

Wcp =

(
Ccp −Ccontrol

)
× 5

1000× S0
. (4)

2.6. Analysis of insoluble salts by SEM-EDX
The surface of the post-implantation specimens was
analyzed using a SEM-EDX (S-4800, Hitachi High-
Technologies Corporation, Tokyo, Japan). Prior to the
SEM observation, the specimen surface was coated
with platinum. Elemental analysis was performed at
an acceleration voltage of 15 keV and resolution of
512 × 384 [pixels]. The percentage elemental distri-
bution of Mg, Ca, P, carbon (C), and oxygen (O) was
analyzed on the surface of three post-implantation
specimens per group.

2.7. Analysis of insoluble salts using micro-Raman
spectroscopy
The post-implantation specimens were ana-
lyzed by Raman spectroscopy (Laser Raman
Spectrophotometer Automatic Imaging System
NRS-5100; Japan Spectroscopy Corporation, Tokyo,
Japan). One or two typical places on the surface were
analyzed per specimen. The measurement conditions
were as follows; grating L = 600 nm, B = 500 nm,
objective lens magnification = 100, excitation
laser = 532.13 nm, exposure time = 10 s, number of
integrations = 5 times, laser power = 3.2 mW (50%

in measurement), and wave number range = 100–
3700 cm−1.

2.8. Statistical processing
All data are presented as mean ± standard devi-
ation. Statistical analysis of group differences was per-
formed using JSTAT 6.9 for windows, with t-test and
linear regression analysis.

3. Results

3.1. Weight loss of magnesium specimen
The weight loss of the specimens was summarized in
figure 2(a) and table S1 in the supplementary materi-
als. As shown in figure 2(a), the weight loss of both
groups increased depending on the square root of
the implantation period, indicating a decrease in the
weight loss per day with an increase in the implant-
ation period. The increasing trend of the weight loss
(i.e. the slope of the regression line against the square
root of the implantation period) of the hematoma
group is twice as large as that of the non-hematoma
group (p < 0.01 by the parallelism test of 2 regres-
sion lines). This suggests the involvement of diffu-
sion process on the corrosion rate of the Mg speci-
men.After 7 d of implantation, the averageweight loss
of the hematoma group was 27.31 ± 5.91 µg mm−2,
which was 1.8 times larger than that of the non-
hematoma group (14.77 ± 3.28 µg mm−2). Chen
et al reported the weight loss rate of pure Mg spe-
cimens (1.1 mmφ × 15 mm) implanted into rabbit
muscle tissue for 1 week was 4.7% [32], which equals
to 21.58 µg mm−2. This value is slightly larger than
that of the non-hematoma group, probably due to the
differences in the implantation tissue, animal species,
specimen size and impurities.

3.2. Weight of insoluble salts
The weight of the insoluble salts was summarized in
figure 2(b) and table S2 in the supplementary mater-
ials. The parallelism test of the regression lines for
both hematoma and non-hematoma groups against
the square root of the implantation period indicates a
significant difference not in the increasing rate of the
insoluble salt weight (i.e. a slope of the regression line)
but in the initial weight of the insoluble salts (i.e. a
intercept of the regression line, p < 0.01). This sug-
gests that the specimens in the hematoma group have
significantly larger amount of salt precipitation in the
very early stage of the implantation (within 24 h).

In figure 2(c), W inso/W loss was plotted against
the square root of the implantation period, indic-
ating the clear difference between hematoma and
non-hematoma groups. For the latter group, it was
stable at around 0.9, whereas that for the hematoma
group decreased with an increase in the implantation
period. The higher W inso/W loss ratio indicates more
precipitation of insoluble salts. This can be achieved
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Figure 2. Results of (a) weight loss per unit surface area, (b) weight of insoluble salts formed on the specimen surface after
implantation, and (c) ratios of insoluble salt weight to weight loss plotted against the square root of the implantation period,

√
t.

In (a), the increasing trend in the weight loss of the hematoma group is significantly larger than that of non-hematoma group
(p< 0.05 by the parallelism test of 2 regression lines). In (b), there is no significant difference in the increasing trends of the
insoluble salt weight between the hematoma and non-hematoma groups, but their intercepts (the initial insoluble salt weight) are
significantly different (p< 0.01 by the parallelism test of 2 regression lines).

Figure 3. Results on quantification of Mg (a), Ca (b), and P (c) in insoluble salt on days 1, 3, and 7 after implantation by ICP-MS,
plotted against the square root of the implantation period,

√
t. The ratios of Mg (d), Ca (e), and P (f) to insoluble salts weight are

also plotted against
√
t.

by the higher concentration of released Mg2+ and
higher local pH, which reduces the solubility of insol-
uble salts [33]. The concentration of released Mg2+

near the specimen surface is influenced by the diffu-
sion rate in the microenvironment at the implanta-
tion site. The higherW inso/W loss at day 1 of the hem-
atoma group may be attributed to its higher corro-
sion rate and less diffusive environment. The shift in
W inso/W loss may reflects the change in the microen-
vironment in hematoma, such as recovery of micro-
circulation and decrease in local pH due to the retard-
ation of Mg corrosion.

3.3. Elemental quantification of insoluble salts by
inductively coupled plasma-mass spectroscopy
3.3.1. Magnesium
The Mg weight as insoluble salts was summarized
in figure 3(a) and table S3 of the supplementary

materials. A significant increase in Mg weight was
observed over time for both groups (F (1,5)= 21.416,
p < 0.001). Both groups displayed a similar increase
rate of Mg weight (p > 0.1 by Parallelism test of
2 regression lines against the square root of the
implantation period). However, the intercepts of the
regression lineswere significantly different (p< 0.01).
This trend is similar to that of the insoluble salt
weight as described in the previous chapter, indic-
ating the significant difference was occurred in the
very early stage of the implantation (within 24 h). The
Mg weight of the hematoma group was significantly
higher than that of the non-hematoma group on days
1 and 7.

The ratio of Mg weight to W inso was plotted
in figure 3(d), indicating its stability around 0.18
through days 1–7 for both groups. This agreement
in Mg/W inso also suggests that the same kinds of
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Figure 4. Typical examples of the EDX analysis for the top surface (a) of pure Mg specimen implanted for 1 d under
non-hematoma condition. The EDX spectrum (b) was obtained by the point analysis of a red square indicated in the SEM image
in (a).

insoluble salts containingMgwere formed on the spe-
cimen surface for both groups.

3.3.2. Calcium
The Ca weight as insoluble salts was summarized in
figure 3(b) and table S4 in the supplementary materi-
als. The hematoma group has a slightly larger increase
rate of the Ca weight than the non-hematoma group,
but no significant difference was observed between
the two groups (p > 0.1 by the Parallelism Test
of 2 regression lines). However, the intercepts of
the regression lines were different (p < 0.1 by the
Parallelism Test). This indicates that the hematoma
group has the significantly smaller precipitation of Ca
salts in the very early stage of implantation.

The ratio of Ca weight to W inso was plotted in
figure 3(e) against the square root of the implanta-
tion period. For the non-hematoma group, Ca/W inso

is significantly greater than that of the hematoma
group at day 1. It decreased thereafter, whereas that
of the hematoma group slightly increased. These data
clearly indicate the different trend of Ca salt precipita-
tion between non-hematoma and hematoma groups.

3.3.3. Phosphorus
The P weight as insoluble salts was summarized in
figure 3(c) and table S5 in the supplementary mater-
ials. In the same manner to Ca, the hematoma group
has a slightly larger increase rate of P weight than the
other with no significance (p> 0.1 by the parallelism
test of the regression lines), but a significant difference

was observed in their intercepts (p > 0.1). As shown
in figure 3(f), the non-hematoma group has the sig-
nificantly greater P/W inso than the other on days 1,
3, and 7. The P/W inso of the non-hematoma group
decreased from day 1–3, while that of the hemat-
oma group slightly increased through the implanta-
tion period. These trends are similar to those of Ca,
suggesting the co-precipitation of Ca and P on the
specimen surface.

3.4. Surface analysis of implanted specimens by
SEM-EDX
3.4.1. Non-hematoma group
Typical SEM-EDX images of the post-implantation
specimen surface were shown in figure 4 (day 1), and
supplementary figures S2 (day 3) and S3 (day 7) with
those of the pre-implantation specimen surface (sup-
plementary figure S1). A thin, homogeneous insol-
uble salt layer with shallow cracks was formed on the
specimen surface on day 1. The distribution ofMg on
the specimen surface became less pronounced on day
3, and the distribution of Ca and P was dominant on
day 7. The formation of O, Ca, and P rich layer at spe-
cimen surface was confirmed by the cross-sectional
analysis of a pure Mg wire implanted into a rat aorta
wall [34], which agrees with the finding in this study.
On the pre-implantation specimen, Mg was detected
as the main peak with negligible peaks assigned to C,
O, and P (figure S1).

The results of EDX point analysis are summar-
ized in figure 5 and table S6 in the supplementary
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Figure 5. Results of quantitative EDX analysis of pure Mg specimens implanted under non-hematoma and hematoma conditions
(atm. %) for day1(a), day 3(b), and day 7(c). The statistical significance between the groups was decided by t-test (∗p< 0.05,
∗∗p< 0.01).

materials. It clearly shows the different pattern of ele-
mental distributions at day 1 from those at day 3 and
7. The relatively high Mg concentration with low O
concentration at day 1 indicates the formation of a
thin insoluble salt layer on the specimen surface. At
day 3 and 7, the Mg concentration decreased whereas
Ca and P increased, suggesting the growth of the
insoluble salt layer. At day 1, concentrations of Ca
and P are much smaller than that of Mg, whereas
those by ICP-MS analysis are close to that of Mg.
This suggests that the EDX results includes the sig-
nals from the Mg substrate because the insoluble
salt layer is thin as described. At day 3 and 7, the
ratios of Ca and P to Mg increased to be close to
1, which is even larger than those by ICP-MS ana-
lysis. This indicates the higher distribution of Ca and
P on the surface of the insoluble salt layer at day 3
and 7.

3.4.2. Hematoma group
Typical SEM-EDX images of theMg specimen surface
after implantationwere shown in figure 6 (day 1), and
supplementary figures S4 (day 3) and S5 (day 7). No
crack was observed on the specimen surface on day
1 whereas shallow cracks were observed in the non-
hematoma group. Moreover, the surface was gener-
ally unevenwith bumps.Onday 3, surface crackswere
observed with a decrease inMg, an increase in Ca and
P distribution; this trend was further enhanced on
day 7.

The results of EDX analysis are summarized in
figure 5, and supplementary table S6 with those
of the non-hematoma group. Similar to the non-
hematoma group, the concentration of Mg decreased
while those of Ca and P increased with the increase
in the implantation period. On day 1, the hemat-
oma group has 1.7 times higher Mg and 40% lower
O than the other group, indicating the clear differ-
ence in the specimen surface composition between
the two groups. Similar to the non-hematoma group,
the relatively high Mg and low O concentration sug-
gests the formation of a thin insoluble salt layer on
the specimen surface. However, the hematoma group
has the larger W inso than the other (see figure 2(b)).
This controversial result may be attributed to the

inhomogeneity of insoluble salt formation on the spe-
cimen surface of the hematoma group, as observed in
SEM images (figure 6(a)). These findings suggest that
the hematomas strongly influence the insoluble salt
precipitation at the initial stage of implantation. On
day 3 and 7, the surface compositions of the hemat-
oma group were similar to those of non-hematoma
group, with significantly less Ca and P concentra-
tions. Similar to the non-hematoma group, the ratios
of Ca and P to Mg are larger than those by ICP-MS
analysis, suggesting the higher distribution of it at the
surface of the insoluble salt layer. In other words, Mg
salts are formed in the deeper part of the insoluble
salt layer on days 3 and 7. The concentration of C
was increased from day 3 to day 7, suggesting the co-
precipitation of organic compounds in the insoluble
salt layer.

3.5. Analysis of the insoluble salts by micro-Raman
spectroscopy
3.5.1. Raman spectra of the non-hematoma group
Typical Raman spectra of the specimens in the non-
hematoma group are shown in figure 7 with their
major peaks summarized in table 2. For reference, the
Raman spectrum of the pre-immersion specimen is
shown in the supplementary figure S6, which does not
have a specific peak in the region of 1100–950 cm−1.

On day 1, the peaks at 960 or 1085 cm−1 were
detected at the different sites on the specimen sur-
face. The peak at 960 cm−1 is attributed to the
v1 stretching vibration of PO4

3- [35, 36], while the
peak at 1080–1090 cm−1 is attributed to the stretch-
ing vibration of CO3

2− [37, 38], confirming local
precipitation of phosphate and carbonate at the
early stage of implantation. The detection of CO3

2−

and PO4
3− on the implanted specimen surface was

also reported by the microscopic Fourie transform
infrared spectroscopy of the pure Mg wire surface
implanted into the rat aorta wall [34, 39]. On day
3, peaks at 967 and 1083 cm−1, assigned to PO4

3−

and CO3
2−, were observed at the same site, suggest-

ing the co-precipitation of phosphate and carbon-
ate. On day 7, however, the peak corresponding to
CO3

2− disappeared while the peak assigned to PO4
3−

7
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Figure 6. Typical examples of the EDX analysis for the top surface (a) of pure Mg specimen implanted for 1 d under hematoma
condition. The EDX spectrum (b) was obtained by the point analysis of a red square indicated in the SEM image in (a).

Figure 7. Raman spectra of the specimen surface in the non-hematoma group. (a) (b) Different sites on day 1, (c) day 3, and (d)
day 7.
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Table 2. Raman shifts of the major peaks observed for insoluble salts formed on the Mg specimen surface implanted under
non-hematoma condition.

Wavenumaber (cm−1)

PO4
3− CO3

2− CH3
+ Appearance form

Day1 960 1085 Independently
Day3 967 1083 2941 Simultaneously
Day7 987 2929 Simultaneously

Figure 8. Raman spectra of the specimen surface in the hematoma group. (a) (b) Different sites on day 1, (c) day 3, and (d) day 7.

was observed at 987 cm−1. This indicates the domin-
ance of phosphate precipitation at day 7. On days 3
and 7, the peak at approximately 2930 cm−1 was also
observed, which is attributed to the stretching vibra-
tion of CH3

+ in organic substances [40, 41].

3.5.2. Raman spectra of the hematoma group
Typical Raman spectra of the specimens in the hem-
atoma group were shown in figure 8 with their major
peaks summarized in table 3. Peaks at 1123 and
3648 cm−1 were observed on day 1. Hydromagnesite,
hydrated magnesium carbonate, has peaks corres-
ponding to CO3

2− and OH− at 1120–1123 cm−1

and 3648 cm−1, respectively [38]. Magnesium phos-
phate is another candidate; its Raman spectrum has
a peak at 1122 cm−1 [42]. Therefore, hydromagnes-
ite and/or magnesium phosphate may precipitate at
the early stage of implantation, whereas carbonate
and phosphate are observed on day 1 for the non-
hematoma group. On day 3, peaks were observed
at 967 and 1093 cm−1 whereas those at 967, 1095,
and 2934 cm−1 were detected on day 7. These obser-
vations confirmed the co-precipitation of phosphate
and carbonate on days 3 and 7 for the hematoma
group, while only phosphate was observed on day 7
for the non-hematoma group. The co-precipitation
or absorption of organic substances was also delayed
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Table 3. Raman shifts of the major peaks observed for insoluble salts formed on the Mg specimen surface implanted under hematoma
condition.

Wavenumaber (cm−1)

PO4
3− PO4

3− or CO3
2− CO3

2− CH3
+ OH− Appearance form

Day1 1123 3648 Simultaneously
Day3 967 1093 Simultaneously
Day7 967 1095 2934 Simultaneously

for the hematoma group; which was observed from
day 3 for the non-hematoma group.

4. Discussion

Many reports describe the degradation behavior of
Mg and its alloys, both in vitro and in vivo; however,
they have different results in degradation rates and
structures of the insoluble salt layer formed on the
specimen surface [13, 43, 44]. In in-vitro studies, the
corrosion of Mg depends on the chemical composi-
tion and pH of the immersion solution [8], in which
Mg2+, OH− and H2 gas diffuse easily. However,
when implanted in vivo, the degradation behavior
is further complicated; because multiple factors are
involved, including relatively high ionic strength,
ion/gas diffusion by blood flow, cellular influence,
and the presence of organic compounds such as gluc-
ose, amino acids, and proteins [45]. The corrosion
behavior of implanted Mg specimen is more com-
plex because surgical invasion and bleeding from
the fracture site markedly affect the environment of
the implantation site compared with that in normal
tissue.

In case of the specimen implantation into normal
tissue with reasonable bleeding control, an intersti-
tial fluid will contact to the specimen surface. This
fluid has a buffering ability tomaintain its pHof 6.60–
7.60, however, it ismore variable than the pHof blood
[46]. In addition to chloride ion (Cl−), it contains
HCO3

− andHPO4
2− which contribute to pHbuffering

in an equilibrium state [47, 48]. As components of the
interstitial fluid penetrate through lymphatic vessels
and capillary walls to circulate in the whole body, the
Mg2+ and OH− released by Mg corrosion are expec-
ted to diffuse relatively quickly by microcirculation.
Even so, the pH of the interstitial fluid near the spe-
cimen surface can locally increase, depending on the
corrosion rate of Mg specimen, buffering ability of
the fluid, and diffusion condition in the microenvir-
onment as observed in the in vitro experiments [11,
49]. Then, the concentrations of CO3

2−, HPO4
2−, and

PO4
3− increase, resulting in the reaction of these ions

with Mg2+ and Ca2+ in the interstitial fluid to form
insoluble salts as MgCO3, Mg3(PO4)2, CaCO3, and
Ca3(PO4)2 in addition to Mg(OH)2 [10, 50]. These
insoluble salts precipitate and cover the specimen sur-
face, retarding the corrosion rate.

In clinical cases, unexpected bleeding from frac-
ture surfaces or soft tissue after the surgery creates the
microenvironment different from that in the inter-
stitial fluid. Hematomas cause primary hemostasis
via platelet aggregation, followed by an accelerated
coagulation cascade and fibrin accumulation to form
a fibrin network, resulting in an aggregate isolated
from the surrounding environment [51, 52]. The
loss of capillary and circulation inside the hematoma
reduces the oxygen supply, resulting in high concen-
trations of lactic acid by anaerobic metabolism and
CO2 exudation from dead cells [19, 53]. However, the
gradual gathering of endothelial cells forms capillar-
ies, and consequently resumes circulation and diffu-
sion within the hematoma [54]. Thus, the pH within
the hematoma drops to approximately 5.0 and recov-
ers around pH 7.0 over about two weeks [18, 19, 55].
This low-pH, low-circulation microenvironment in
the hematomas can be an accelerating factor for the
corrosion of the implanted Mg specimen. There are
a few in vitro studies investigating the effect of whole
blood onMg alloy corrosion for short time as 6 h [28,
29], but no in vivo study was performed to investigate
the effect of hematoma on the corrosion behavior of
Mg or Mg alloy specimens so far.

In this study, pure Mg specimens were implanted
into rat thighs under hematoma or non-hematoma
conditions up to 7 d. The volume of the hemat-
oma formed at the implantation site is estimated
200 mm3, which is equivalent to 20–30 ml hemor-
rhage for a human adult weighing 60 kg. This volume
is an acceptable level in the clinical cases of fracture
fixation as unexpected bleeding after surgery.

The specimens were collected after the desig-
nated period of implantation, followed by weight
loss measurement and quantification of Mg, Ca,
and P in insoluble salts by ICP-MS. The elemental
distributions and chemical structures of the insol-
uble salts formed on the specimen surface were ana-
lyzed by SEM-EDX and Raman spectroscopy. As
the results, the hematoma accelerated the corro-
sion of pure Mg with changes in the structure of
the insoluble salt layer. The corrosion rate estim-
ated by the weight loss for the hematoma group was
almost doubled that for the non-hematoma group
after 7 d of implantation (figure 2(a)). Wang et al
reported that the pure Mg wire implanted into rat
aorta lumen was slightly less corroded than that
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Figure 9.Mechanism of insoluble salt formation. The non-hematoma group (a) and the hematoma group (b).

implanted in aorta wall [39], which is controversial
to that obtained in this study. In their study, the
specimen implanted into aorta lumen was initially
exposed to the dynamic blood flow but was even-
tually covered by a fibrous capsule before 3 d [39].
This suggests the difference in the microenvironment
between the aorta lumen and the hematoma in the
present study. Initial non-dynamic, fibrous structure
of hematomamay accelerate the corrosion rate of Mg
specimen than in non-hematoma tissue. The shift in
W inso/W loss of the hematoma group with the increase
in the implantation period indicates the change in the
microenvironment influencing the insoluble salt pre-
cipitation, which may correspond to the resume of
microcirculation.

The ICP-MS and EDX analysis revealed the dif-
ference in the insoluble salt precipitation between
the hematoma and non-hematoma groups. The EDX
analysis found that the hematoma group had the
significantly lower concentrations of Ca and P than
those of the non-hematoma group (figure 5 and table
S2). In comparison to the results by ICP-MS, Ca and
P tended to distribute at the surface of the insoluble
salt layer on days 3 and 7. Raman spectroscopy con-
firmed that the non-hematoma group had a phos-
phate layer on the specimen surface from the early
stage of implantation, while the hematoma group had
a less or delayed formation of it. In the latter group,
carbonate is more dominant than phosphate, and
hydroxide was observed on day 1.

Differences in structures of the insoluble salt layer
between the hematoma and non-hematoma groups
are possibly attributed to the difference in pH, ion
supply, and diffusion in the microenvironment [10].
The schematic illustrations of the insoluble salt pre-
cipitation processes are shown in figure 9. At the very
initial moment of the implantation, the local concen-
trations of Mg2+ and OH− increased near the speci-
men surface due to a corrosion reaction. This guides

to temporal precipitation of Mg(OH)2, which even-
tually disappears when the pH is lower than 11.5 [3].
Instead, precipitation of MgCO3 likely occurs since
HCO3

− is abundant in the interstitial fluid. In the
non-hematoma group, Mg2+ and OH− diffuse rel-
atively quickly with supplies of Ca2+ and PO4

3− by
microcirculation, leading to precipitation of calcium
phosphate even at the early stage of implantation as
day 1. Under non-hematoma condition, this calcium
phosphate formation at the early phase of implant-
ation may efficiently retard the corrosion of the Mg
specimen.

In the hematoma group, however, the lower pH
in hematomas induces initial rapid corrosion of the
Mg specimen, which results in the higher local pH
at the specimen surface. This leads to the larger
amount of Mg(OH)2 precipitation than the other
condition, as detected by Raman spectroscopy on day
1. Furthermore, low ion diffusion with low Ca2+ and
PO4

3− supplies in the hematomas guided to hydro-
magnesite precipitation at the early stage of implant-
ation. Eventually, the carbonate becomes dominant
along with the progress of fibrinolysis. The precip-
itation of calcium phosphate delays to day 3 and
thereafter, which may be one of the causes of the
higher corrosion rate of Mg specimen under hemat-
oma condition.

The fibrinolysis as well as the recovery process
of hematomas may influence the microenvironment
and thus insoluble salt precipitation on the implanted
specimen surface. In the hematoma group, both Ca
and P ratios againstW inso increased with the increase
in implantation period (figures 3(e) and (f)) while
W inso/W loss decreased (figure 2(c)). These trendsmay
reflect the recovery of local pH at the specimen sur-
face in the hematoma along with the decrease in the
corrosion rate of the Mg specimen.

The insoluble salts layer formed on the speci-
men surface at the early stage of implantation can
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influence the following tissue reaction against the spe-
cimen. The formation of a stable calcium phosphate
layer on the Mg alloy specimen at the early stage of
implantation is beneficial for bone formation [56].
Mg-based device with localized contact to the hem-
atomamay have localized corrosion, potentially lead-
ing to its unintended failure [57]. Unintended break-
age of the implanted device fails to achieve the expec-
ted bone fusion, which causes fistula formation and
soft tissue damage leading to prolonged inflammation
[58]. The results obtained in this paper indicate the
hematoma as an acceleration factor for the corro-
sion of Mg-based devices. That means, the Mg-based
devices need to be designed and developed with the
consideration of hemorrhage and hematoma risks at
the implantation site. It also suggests the importance
of the optimization of surgical procedures to control
the hemorrhage at implantation and to reduce the
unexpected bleeding after the surgery.

A limitation of the present study is that the hem-
atoma was formed via a small bony foramen; the
microenvironment in the hematoma may be differ-
ent from that formed via soft tissues or fracture sur-
faces. In the general implantation condition for bone
fracture fixation, the bone marrow was also exposed
to the fixture device to some extent, leading to sup-
pression of Ca and P supply due to demineraliza-
tion in bone marrow. In this study, implantation tests
were conducted as the entire specimen was inserted
into a hematoma. However, we believe that hemat-
oma can accelerate localized corrosion even with its
partial contact to the specimen surface. In vivo exper-
iments of a specimen having a similar shape to clinical
devices are recommended for the accurate evaluation
of the effect of hemorrhage in clinical conditions.

5. Conclusion

In this study, the corrosion behavior of pure Mg
was investigated during the early stages of in-vivo
implantation under hematoma and non-hematoma
conditions. As the results, hematoma promotes the
corrosion of the Mg specimen, influencing the struc-
ture of the insoluble salt layer formed on the specimen
surface. These effects were attributed to the microen-
vironment in hematoma; lower pH and less microcir-
culation. Obtained results indicate the risk of hem-
atoma by unexpected bleeding after implant surgery
that accelerates the corrosion of Mg-based devices
leading to their failure in fracture fixation. It also sug-
gests the importance of considering the risk of hemat-
oma on the development and design of newMg-based
fixtures.
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