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Abstract: In this study, a specific Mg–Zn–RE alloy membrane with 6 wt.% zinc and 2.7 wt.% rare earth
elements (Y, Gd, La and Ce) was prepared to investigate implant degradation, transport mechanism
and guide bone regeneration in vivo. The Mg-membrane microstructure and precipitates were
characterized by the scanning electron microscopy (SEM) and the transmission electron microscopy
(TEM). The Mg-membrane degradation process and effect on osteogenesis were investigated in
a critical-sized rat calvarial defect model via micro-CT examination and hard tissue slicing after
2-, 5- and 8-week implants. Then, the distribution of elements in organs after 1-, 2- and 4-weeks
implantation was examined to explore their transportation routes. Results showed that two types of
precipitates had formed in the Mg–membrane after a 10-h heat treatment at 175 ◦C: γ-phase MgZn
precipitation with dissolved La, Ce and Gd, and W-phase Mg3(Y, Gd)2Zn3 precipitation rich in Y and
Gd. In the degradation process of the Mg-membrane, the Mg matrix degraded first, and the rare
earth-rich precipitation particles were transferred to a more stable phosphate compound. The element
release rate was dependent on the precipitate type and composition. Rare earth elements may be
transported mainly through the lymph system. The defects were repaired rapidly by the membranes.
The Mg-membrane used in the present study showed excellent biocompatibility and enhanced bone
formation in the vicinity of the implants.

Keywords: magnesium alloy; rare earth elements; precipitate; in vivo degradation; transport
mechanism; osteogenic activity

1. Introduction

In recent years, magnesium (Mg)-based alloys have become a special focus for medical applications,
due to their excellent biomechanical properties and biodegradability [1]. Compared with other
biomedical metals, the densities of Mg-based alloys are closer to that of human natural bone, and their
elastic modulus are more similar to that of natural bone, thus avoiding “stress shielding” effect caused
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by mismatch of elastic modulus between implants and human bone tissues [2–4]. Mg-based alloys
are degradable in the physiological environment, which do not need to be removed by the secondary
surgery after healing, reducing many risks of patients [5–7]. In addition, Mg-based alloys have
been shown to have stimulatory effects on the growth of adjacent new bone tissues [8,9]. Therefore,
Mg-based alloys show promise for orthopedic and dental applications, and can be applied in various
ways, e.g., as screws, plates or other fixture devices [10]. There are specific properties requirements
for each intended use. Various Mg-based alloys have been tailored to optimize degradation behavior
and other properties by using appropriate alloying elements, surface modification, coating, thermal
treatment, and so on. Rare earth elements (REEs) are often added to Mg-based alloys to regulate
corrosion rate [11–15] and mechanical properties [16]. To date, several Mg–RE alloy implants have
been used successfully in in vivo applications, such as WE43 [17], ZEK100 [18] and LAE442 [19].
However, the alloy elements will be released over time due to degradation of the implanted alloy,
which could induce toxic reactions depending on the locally released element concentration and/or
systemic accumulation. It is well known that most REEs have moderate to severe toxicity and the
REEs released from Mg–RE alloys pose a potential risk. However, there is still a lack of knowledge
regarding the potential effects of REEs and their clearance from the body in vivo.

REEs are defined as a group of 17 elements [13], usually added as a mischmetal of various
compositions commonly rich in Ce, La, Gd and Y. REEs can exist as a solid solution or precipitate in
Mg alloys. Within an Mg matrix, REEs show varying solubility and form various types of precipitates.
Therefore, the rates of degradation and release of REEs are not only spatially inhomogeneous, but also
temporally nonuniform. Studying the degradation process of REEs is necessary to clarify their biologic
action. Some short-term experiments in vitro revealed that REEs can form corresponding oxide barrier
layers on Mg alloy surfaces [14,20]. For example, Y element in Mg alloys causes the formation of Y2O3

in simulated body fluid (SBF) [12] and also in Hank’s solution at 37 ◦C [21]. However, there are few
studies concerning the degradation process of REEs in Mg in vivo. In addition, although a number of
different Mg–RE alloys have been tested [22,23], few studies have observed degradation throughout
the entire degradation period [23,24]. This current deficiency within Mg–RE alloy research may be
due to previously studied implants taking a long time to degrade because of their size, shape and site
location. For example, cylindrical-shaped implants with a diameter of 1.6–2.5 mm inserted into tibia
and femur bones will take a long time to completely degrade [23,24]. In vivo studies on the distribution
and accumulation of REEs in some Mg–RE alloys have been performed [25,26], but the transportation
mechanisms of REEs within organs remain poorly understood. Nevertheless, such studies are crucially
important for exploring novel materials.

Among Mg alloys, Mg–6Zn alloys have appropriate mechanical properties and are believed to be
good candidates for implant applications [27,28]. Therefore, in this study, Mg-6Zn was used as the base
alloy with 2.7 wt.% REEs (Y, Gd, La and Ce), denoted by Mg–6Zn–2.7RE. Y and Gd mainly formed a
second phase, and La and Ce were mainly present in solid solution. In this study, it was possible to
examine the degradation of REEs in both the second phase and the solid solution. The Mg–6Zn–2.7RE
was prepared as a membrane, which can degrade rapidly. This is convenient to study the degradation
pathways of various elements in a relatively short time.

2. Materials and Methods

2.1. Sample Preparation

The wrought Mg–6Zn–2.7RE alloy contains 0.90 wt.% Gd, 0.75 wt.% Y, 0.96 wt.% Ce and 0.08 wt.%
La, which was provided by AECC Beijing Institute of Aeronautical Materials. The alloy was heated
at 410 ◦C for 10 h followed by air cooling, then aged at 175 ◦C for 10 h. Membranes with a diameter
of 5 mm were cut to 130 µm thickness by mechanical wire cutting and then ground with 2000 grit
silicon carbide (SiC) paper to 110 µm thickness. Subsequently, all samples were treated by ultrasonic
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cleaning in acetone and ethanol. The samples were sterilized with ultraviolet irradiation (UV lamp,
predominantly 254 nm) for 30 min before being inserted into the rats.

2.2. Characteristics of Precipitates

The components and distribution of the precipitates were characterized using a field emission
scanning electron microscope (SEM, QUANTA 200F, FEI, Hillsboro, OR, USA) in back–scattered
electron mode with an energy dispersive spectrometer (EDS) and transmission electron microscope
(TEM, Tecnai G2 F20; FEI, Hillsboro, OR, USA). In preparation for the SEM analysis, samples were
mounted, ground with SiC paper and polished with diamond paste down to a 0.5 µm finish. In addition,
the samples for SEM analysis were lightly etched with 10 vol.% nitric acid in methanol. The thin foils
for TEM analysis were cut perpendicular to the extrusion direction, punched into discs with a diameter
of 3 mm, mechanically ground to 50 µm in thickness, and then ion milled.

2.3. Degradation and Histological Evaluation In Vivo

2.3.1. Surgical Procedure

Forty-four 8-week-old Sprague-Dawley (SD) rats were used in this study. The study protocol was
approved by the Animal Care and Use Committee of Peking University. The animals were anesthetized
by intraperitoneal injection of pentobarbital sodium (50 mg/kg body weight). Hair on the cranial bone
was removed by shaving, and the exposed area was wiped by swabbing with 3 vol.% povidone–iodine
followed by 75 vol.% ethanol for disinfection. We incised the skin, subcutaneous tissue and periosteum
along the midline, and exposed the bone via blunt dissection. Two 6-mm-sized full thickness bone
defects were prepared on both sides of the midline of the parietal bone using a saline-cooled trephine
drill. Each defect was washed with saline to remove bone debris. The Mg–6Zn–2.7RE alloy membranes
were inserted into the defects (Figure 1). Finally, the tissues were sutured in layers.
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Figure 1. Implant placement into calvarial bone defects. (a) Incising the skin, subcutaneous tissue
and periosteum along the midline and exposing the bone via blunt dissection; (b) two 6-mm-size
full-thickness bone defects created on both sides of the midline of the parietal bone using a saline-cooled
trephine drill. Each defect was washed with saline to remove bone debris; (c) Mg–6Zn–2.7RE alloy
membranes inserted into the defects; (d) suturing of the wound.
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After 2, 5 and 8-week healing periods, eight SD rats per healing period were euthanized, and the
implant specimens were harvested with surrounding bone tissue. The tissue specimens were fixed in
90 vol.% ethanol solution. Five SD rats per healing period (1, 2 and 4 weeks) and five SD rats without
any surgical treatment (as a blank control group) were euthanized, and the organs (brain, heart, liver,
spleen, lung, kidney, adrenal gland, submandibular lymph nodes) of each animal were collected and
frozen immediately at −80 ◦C. The organs were harvested and handled using Teflon-coated tweezers
and ceramic scissors which were disinfected by 75% ethanol to avoid possible contamination.

2.3.2. Radiographic Evaluation (Microcomputed Tomography (Micro-CT) Analyses)

To evaluate the volumes of alloy materials remaining after degradation and the new bone
formation, micro-CT was performed using an Inveon MM system (Siemens, Munich, Germany).
Images were acquired at an effective pixel size of 8.82 µm, voltage of 80 kV, current of 500 µA and
exposure time of 1500 ms in each of the 360◦ rotational steps. The volumes of remaining materials and
new bone formation were calculated using Inveon Research Workplace software (Siemens, Knoxville,
TN, USA).

2.3.3. Histological Processing

The samples were dehydrated in an ascending series of alcohol concentrations (50, 60, 70, 80, 90 and
99 vol.%) and finally embedded in autopolymerizing methyl methacrylate (MMA) resin (Wako Pure
Chemical Industries, Ltd., Tokyo, Japan). The non-decalcified specimens (300 µm thickness) were
cut using a diamond saw (STX-202A, Shenyang Kejing Auto-Instrument Co., Ltd., Shenyang, China),
adhered to the resin slides, and successively ground to a thickness of about 50 µm. Then the ground
specimens were stained with methylene blue trihydrate and van Gieson stain. The images were taken
under a light microscope. The histological evaluation mainly focused on indicators of inflammation,
new bone formation, degradation of alloy materials and the response of surrounding tissues to the
implant materials.

2.3.4. Degradation Characterization In Vivo (SEM Examination)

After embedding in MMA resin, the samples were cut using a diamond saw (STX-202A, Shenyang
Kejing Auto-Instrument Co., Ltd., Shenyang, China) to expose the implant and bone and then cut using
an automated microtome (RM 2255; Leica, Wetzlar, Germany) to obtain a smooth and fresh surface.
The samples for SEM were carbon (C)-coated using an Auto Fine Coater (JFC-1600; JEOL, Ltd., Tokyo,
Japan). The surface morphology was observed with a Quanta 200 field emission gun (FEG) SEM (FEI)
in backscattered electron mode. The composition of the degradation products was analyzed by an EDS.

2.3.5. Determination of REEs, Mg and Zn in Organs

The organ samples were weighed accurately and placed in a 50 mL Erlenmeyer flask. The samples
were digested with 10 mL of mixed acid (nitric acid: perchloric acid in a 9:1 ratio) in a microwave
system. Then, the mixed acid was replaced by ultrapure water. The concentrations of Mg, Zn,
Gd, Y and La were measured by inductively coupled plasma mass spectrometry (ICP-MS; Thermo
Scientific, Waltham, MA, USA). The single element standards of Mg (10,000 mg/L, in 2% HNO3) and
Zn (10,000 mg/L, in 2% HNO3) were purchased from China Metrology Science Research. The single
element standards of REEs (Gd, Y and La) (100 µg/mL, in 2% HNO3) were purchased from the National
Nonferrous Metals and Electronic Materials Analysis and Testing Center (Beijing, China).

2.3.6. Statistical Analysis

IBM SPSS statistics software 21 was used for statistical analysis. Standard analyses comparing
more than two conditions were conducted using a one-way analysis of variance (ANOVA) with
Turkey’s post hoc test. Statistical values are indicated at the relevant experiments.
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3. Results

3.1. Precipitates of Mg–6Zn–2.7RE Alloy

Figure 2 shows the microstructure and composition of precipitates. The precipitates distributed
at the grain boundaries and inner grains of Mg matrix (Figure 2a) and were identified as RE-rich
precipitates by EDS analysis. Based on the relative brightness, there are two main types of precipitate in
the alloy, denoted as ‘dark’ or ‘bright’ particles depending on their appearance resulting from contrast
differences (Particle 1 and Particle 2 in Figure 2b). The darkness particles mainly contain Mg, Zn, La, Ce
and Gd (Figure 2b-1), while the brightness particles mainly contain Mg, Zn, Y, Gd and Ce (Figure 2b-2).

In the selected area electron diffraction (SAED) images in Figure 3, the dark particles appear to be
mainly γ-phase MgZn (Figure 3a) [29], and the bright particles are W-phase Mg3Y2Zn3 (Figure 3b) [30].
MgZn can coexist with excess Mg in Mg-6Zn alloys, as shown in the Mg–Zn phase diagram [31].
Therefore, we can conclude that Y and Gd are mainly distributed in Mg3Y2Zn3 particles, and that La
and Ce are dissolved in MgZn particles.
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precipitates shown in Figure 2b.
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Figure 3. TEM images and selected area electron diffraction (SAED) of two kinds of precipitates in
Mg–6Zn–2.7RE. (a) γ-phase MgZn; (b) W-phase Mg3Y2Zn3.

3.2. Degradation of Mg–6Zn–2.7RE Alloy and Osteogenesis Processes In Vivo

3.2.1. Clinical Examination

Post-operative wound monitoring revealed swelling, which occurred in most of the animals after
3–7 days and then gradually disappeared within 2 weeks. Despite some initial redness and swelling
around the surgical wound, the movement and daily behavior of the tested animals were not affected.
No animals died during the observation.

3.2.2. Micro-CT Examination

Figures 4 and 5 show the micro-CT analysis results of rat calvarial defect repair at 2, 5 and
8 weeks after implantation. The Mg–6Zn–2.7RE membrane was degraded into pieces at 2 weeks
post-implantation, and the degradation product maintained relative stability throughout the 8-week
observation period. New bone formation occurred at the margin and central region of the defect area
beneath the Mg alloy membrane in the treated group, while the new bone formation only occurred
from the outer margin to the central region in the untreated blank group. Most of the defects were
almost totally covered by new bone at 2 weeks post-implantation, and the new bone volume gradually
increased and almost completely repaired the whole defect at 5–8 weeks post-implantation in the
treated group, while the defects were not completely repaired in the untreated blank group.
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Figure 4. Three-dimensional micro-CT photos of rat calvarial defect repair in the treated group after
2, 5 and 8 weeks and in the untreated blank group after 8 weeks of healing. Mg-2W, -5W and -8W:
the Mg–6Zn–2.7RE membrane was broken down into pieces at 2, 5- and 8-weeks post-implantation.
New bone formation occurred at the margin and central region of the defect area beneath the Mg alloy
membrane in the treated group (Mg-2W, Mg-5W, Mg-8W), while new bone formation occurred only
between the outer margin and central region in the untreated blank group (Blank-8W).
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Figure 5. New bone volume in the rat calvarial defects in the treated group after 2, 5 and 8 weeks and
the in untreated blank group after 8 weeks of healing as revealed by micro-CT. Most of the defects were
almost totally covered by new bone at 2 weeks post-implantation, and the new bone volume gradually
increased such that the defect was almost completely repaired at 5–8 weeks post-implantation in the
treated group. The defects were not completely repaired in the untreated blank group. * p < 0.01.

3.2.3. Histological Evaluation

Figure 6 shows the tissue response and bone formation progress in the calvarial defect. There are
few inflammatory cells in the samples, except for one sample with moderate inflammation. Two weeks
after implantation, the newly formed porous bone almost completely covered the bottom of the defect.
The margins of the new bone exhibited active osteogenesis, and there was dense pre-mineralized
collagen fiber on the surface of the new bone and surface of the holes/cavities within the porous bone
material. After 5 and 8 weeks of healing, the new bone thickness and volume had increased further.
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Figure 6. Histological analysis of bone formation in the treated group after 2, 5 and 8 weeks and in
the untreated blank group after 8 weeks. Mg-2 W: at 2 weeks after implantation, the newly formed
porous bone almost completely covered the bottom of the defect. Mg-5W, Mg-8W: after 5 and 8 weeks
of healing, the thickness and volume of the new bone had further increased.

Figure 7 shows the Mg alloy membrane degradation progress and tissue reaction in vivo. The Mg
alloy membrane first degraded into pieces. The pieces further degraded along the grain boundary.
Then, the Mg alloy pieces degraded into small particles. Some of the particles were completely
degraded and replaced by mineralized collagen tissue, while other particles remained in the tissue.
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Figure 7. Degradation process of the Mg membrane in vivo. (a) Mg alloy membrane first degraded into
pieces. (a,b) A gas bubble was produced in the early stage of degradation. Then, the Mg alloy pieces
degraded into small particles. (c,d) Some of the particles were completely degraded and replaced by
mineralized collagen tissue, while other particles remained in the tissue.

3.2.4. SEM Observation and EDS Analysis

Figure 8 shows the SEM results after 8 weeks of degradation in vivo. Most of the degradation
products were distributed in the soft tissue and the membrane implantation region. The degradation
products can be divided into ‘bright’ particles and ‘dark’ particles; the ‘bright’ particles (Point 1) are
composed of a variety of REEs (Y, La, Ce, Gd), P and Ca (Figure 8b, b-1), which likely originated
mainly from γ-phase precipitates (Particle 1 in Figure 2); the ‘dark’ particles (Point 2) are composed of
Gd, Y, P and Ca (Figure 8b, b-2), which we speculate originated from W-phase precipitates (Particle 2
in Figure 2). In addition, because of the presence of the sprayed C layer and the backing resin, high
values of C and O are present in the EDS results.

In addition to the two completely degraded particles in Figure 8, Figure 9 displays some
incompletely degraded particles. W-phase particles containing Zn, Mg, Y and Gd still remained in
some samples after 5 weeks of degradation (Figure 9a). Figure 9b includes some particles originating
from the γ-phase, containing Zn, P, Ca and Y, which remained in samples after 2 weeks of degradation.
When particles containing REEs degrade, phosphate forms, as indicated by the P element in Figure 9b.
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Figure 8. SEM images and energy dispersive spectrometer (EDS) results of the membrane degradation
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(b) magnified image of the degradation residues; (b-1,b-2) EDS results of the two types of degradation
residue particles from Figure 8b.
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Figure 9. SEM images and EDS results of the membrane degradation residues after 5 and 2 weeks
in vivo. (a,b) SEM images of the membrane degradation residues after 5 and 2 weeks, respectively;
(a-1,b-1) EDS results of the membrane degradation residues corresponding to Figure 9a,b.

3.2.5. Element Concentrations in Organs

The concentrations of Mg, Zn, Gd, Y and La in the adrenal gland, kidney, lung, lymph node,
brain, heart, liver and spleen of rats, at 1, 2 and 4 weeks post-implantation of Mg–6Zn–2.7RE alloy
membranes, are shown in Figure 10a–e, respectively. The Mg concentration remained stable, except
for a slight increase in the adrenal gland and kidney, after 1 week of implantation. Throughout the
follow-up period, the concentration of Zn in all the tested organs remained relatively stable, showing
no statistically significant difference compared with the negative control. Regarding the concentrations
of REEs, Gd showed continuous accumulation in the kidney, liver, lymph node and spleen, Y showed
a slight increase in brain and heart after 1 week and La showed continuous accumulation in lymph
nodes and liver. The most notable result was that the concentrations of all tested REEs (Gd, Y and La)
showed a sharp increase in the lymph node at 4 weeks compared with 1 and 2 weeks. After 4 weeks,
the concentrations of Gd, Y and La in the lymph node were 258.8 ± 183 ng/g, 210.8 ± 147 ng/g and
13.4 ± 9 ng/g, respectively. Various REEs are metabolized mainly through lymphatic vessels.



Coatings 2020, 10, 496 11 of 17Coatings 2020, 10, x FOR PEER REVIEW 11 of 17 

 

 

Figure 10. The concentrations of (a) Mg, (b) Zn, (c) Gd, (d) Y and (e) La in the adrenal gland, kidney, 
lung, lymph node (DLN), brain, heart, liver and spleen of rats at 1, 2 and 4 weeks after implantation 
of Mg–6Zn–2.7RE alloy membranes. The tissues harvested from healthy rats under the same caging 
and feeding conditions, but without membrane implantation, were considered as the negative control 
(NC). Note that the mass of the organs was the wet mass. : below the detection limit. *: p < 0.05. 
Test animals: n = 5 for each group (NC, 1W, 2W, 4W). 
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or tibia models [32], with a screw or pin implant in the bone, which imitates clinical bone fracture 
fixation pins. However, there is evidence that Mg alloy has stimulatory effects on the growth of 
adjacent new bone tissues, so magnesium alloy membrane may be an optimum candidate for guided 
bone regeneration in dental and craniomaxillofacial bone defects. It is well known from animal 
models that the geometry of the implant, type of adjacent tissue, buffering capacity and blood flow 
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Figure 10. The concentrations of (a) Mg, (b) Zn, (c) Gd, (d) Y and (e) La in the adrenal gland, kidney,
lung, lymph node (DLN), brain, heart, liver and spleen of rats at 1, 2 and 4 weeks after implantation
of Mg–6Zn–2.7RE alloy membranes. The tissues harvested from healthy rats under the same caging
and feeding conditions, but without membrane implantation, were considered as the negative control
(NC). Note that the mass of the organs was the wet mass. H: below the detection limit. *: p < 0.05.
Test animals: n = 5 for each group (NC, 1W, 2W, 4W).

4. Discussion

For magnesium alloy degradation evaluations, most studies used rat, rabbit [7] or sheep femur or
tibia models [32], with a screw or pin implant in the bone, which imitates clinical bone fracture fixation
pins. However, there is evidence that Mg alloy has stimulatory effects on the growth of adjacent
new bone tissues, so magnesium alloy membrane may be an optimum candidate for guided bone
regeneration in dental and craniomaxillofacial bone defects. It is well known from animal models
that the geometry of the implant, type of adjacent tissue, buffering capacity and blood flow influence
degradation in vivo [33]. Therefore, this study used calvarial defects in rats as an experimental animal
model, which has been adopted by many researchers [34,35], to investigate the degradation process
and guided bone regeneration capacity of Mg–6Zn–2.7RE membrane.
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4.1. Degradation of Mg-6Zn-RE Membrane In Vivo

The Mg–6Zn–2.7RE membrane used in the present study is thin (110 µm thickness), with a large
surface area. These characteristics promote rapid degradation and attainment of relative stability
within 2 weeks. The degradation process can be divided into two steps: Mg matrix (α-Mg) degradation
and precipitate degradation. At the beginning of the degradation process, α-Mg acted as an anode,
while precipitates acted as a cathode for galvanic corrosion with electrochemical dissolution. As a
result, the anodic matrix preferentially degraded due to micro-galvanic corrosion, while the precipitate
phase was largely protected. As the degradation continued, some corrosion channels appeared in
the α-Mg and divided the Mg into debris that degraded independently. At this point, most of the
precipitates remained due to cathodic protection [35]. The degradation process vivo in the present
study is similar to the in vitro results and models of several other studies [24,35–37].

The second step of the process is precipitate degradation. Along with α-Mg degradation, the
precipitate phase was partly to completely exposed (Figure 7a). Ion exchange can occur inside the
corrosion channels and on the precipitate surface. Temporarily high pH values near the corrosion
channel surface during Mg corrosion can lead to the formation of phosphate/carbonate [38], as well as Ca
and Mg apatites in the form of (Ca1−Mgx)10(PO4)6OH2 [39]. However, the surface phosphate/carbonate
was unstable and dissolution may occur as the cathodic protection of precipitates is reduced due
to magnesium matrix dissolution [37]. Therefore, as precipitates are exposed to the physiological
environment, the passivation of the Mg, Zn and REEs begins to play a more dominant role. The passive
film may consist of MgO, Mg(OH)2, ZnO, RE2O3, etc. The aggressive ions in the physiological
environment, such as chloride, destroy the stability of the passive film. Then, metal ions from
the destroyed film, together with phosphate, converted into a more stable phosphate compound.
The phosphate compound will undergo dissolution at various rates. According to the EDS results of
the present study, we speculate that the degradation of precipitates occurs according to the following
process. The Mg in precipitates disappears first and Zn and REE remain. These elements may exist
mainly in the form of phosphate (REPO4, Ca3(PO4)2 and Zn3(PO4)2) (Figure 9b). Then, Zn3(PO4)2

dissolves, and only a portion of the REPO4 and Ca3(PO4)2 remains in particles at the original position;
the content of REEs and Ca decreases over time (Figure 8). It can be expected that particles rich in
REEs in their original position will disappear. Indeed, some particles were completely dissolved, as
can be seen in the tissue staining sample (Figure 7), where some red staining, deduced to be from
Ca phosphate or apatites, was left in the original position. A schematic of the degradation process is
shown in Figure 11.
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Figure 11. A schematic of the degradation process of the Mg–6Zn–2.7RE membrane in vivo.

Two types of particle remained after degradation in vivo, where these correspond to two
precipitation phases in the material (although there is a slight difference in the composition of
precipitation particles in the material and degraded samples). For example, Point 1 (Figure 8) contains
Y element, while Particle 1 (Figure 2) does not, which may be attributable to the large measurement area
of Point 1. Therefore, although REEs were added to the alloy, they were not released simultaneously to



Coatings 2020, 10, 496 13 of 17

the Mg or in proportion to the composition of the alloy. The REE release rate depended on the type and
composition of the precipitates. In summary, it is deduced that the degradation process of REEs may
be as follows. (1) The REEs in solid solution will be released simultaneously with Mg matrix corrosion;
however, it is unknown whether they will form precipitate during the formation of phosphate or
carbonate. (2) The REEs in the intermetallic phase will remain stable in the early degradation stage and
may then mainly form REPO4 precipitate and gradually be released in vivo. The release rate depends
on the type and composition of the precipitation. Although some studies show that implanted metal
particles may lead to inflammation and even osteolysis [23,40], the degradation products and debris of
REEs particles showed good biocompatibility without inflammatory reactions in the present study.

4.2. Analysis of Mg, Zn and REES in Organs

Some in vivo studies have used degradable Mg-alloys containing rare earth elements to study
the distribution of rare earth elements in many organs and serum samples of animal models [25,26].
However, there are few reports on the transport mechanism of rare earth elements in organs.

Considering that the Mg membrane used in the present study almost completely disintegrated
after 2 weeks of implantation, three observation periods (1, 2 and 4 weeks) were chosen to examine
the accumulation of elements in organs. We monitored the concentrations of Mg, Zn and REEs in
different organs and in lymph nodes, at different time points during degradation of the Mg–6Zn–2.7RE
membrane. As a result, we found that the Mg concentration increased slightly in the kidney and adrenal
gland after 1 week of implantation, which implied that the Mg mainly moved through the kidneys.
These results are consistent with the fact that Mg is excreted in the final urine [41]. The distribution
in adrenal glands is consistent with data published in other studies, although the chemical form and
route of administration of magnesium may be different [42]. During the degradation of magnesium
alloy, the content of magnesium remains stable, which may indicate that magnesium can maintain a
relative balance in vivo.

In addition to Mg, Zn is an essential nutrient that plays an important role in the functioning of the
human body. In this study, Zn did not accumulate in any of the investigated organs or in the lymph
nodes. These results are consistent with those of Zhang et al., who found no significant differences
in the Zn levels of six organs (spleen, kidney, liver, heart, lung and brain) between the control and
treatment group at the last time point of 20 months [25].

For the more hazardous REEs, toxicity depends on the release rate and systemic accumulation in
the body. Although most previous studies showed that REEs did not induce local toxicity or show
systemic accumulation [23–25], concerns about the potential for “burst release” of REEs from Mg–RE
alloys remain, especially with rapid degradation of the alloy [25]. A burst release-related increase of
the elemental concentration of REEs was observed in lymph nodes of the Mg–6Zn–2.7RE-treated group
in the present 4-week study. It can be speculated that REEs are mainly transported to the lymphatic
system via cell/protein migration or by macrophage uptake. Inhaled or intratracheally instilled RE
chlorides have been shown to accumulate in tissue macrophages. In macrophages, REEs were shown
to localize in lysosomes and it was proposed that REEs change into insoluble phosphates in lysosomes
according to the Gomori (phosphatase) reaction [43]. However, in this study, that REEs may have
been engulfed by macrophages after forming rare earth phosphate, and then metabolized through
the lymph system. It is worth noting that lymph circulation may be an important route for the REE
metabolism. The concentration of REEs shows continuous accumulation in the submandibular lymph
node within 2 weeks, which may be attributable to the release of REEs in solid solution associated with
Mg matrix degradation. Due to the limited solid solubility of REEs, the concentration thereof in lymph
nodes did not show a large increase. After 2 weeks, the precipitate phases rich in REEs were exposed
and degraded, which induced a release-related increase in the REE concentration in lymph nodes.
Therefore, attention should be given to the burst release of REEs during Mg–RE alloy degradation,
which may induce adverse reactions in some organs, such as lymphadenitis. However, we only
measured the concentrations of REEs in organs within a 4-week period in the present study. Longer
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evaluation periods are needed in future studies. There may be different degradation mechanisms or
tissue responses of Mg-based alloys in different shapes and physiological environments. The present
study is to investigate the performance of Mg-based alloy membranes in cranio-maxillofacial bone
defects which imitates the clinic usage situation for guiding bone regeneration.

4.3. Mg Alloy Membrane-Guided Bone Regeneration

In the field of craniofacial surgery, there are few published animal studies reporting the use of
Mg-based materials to guide bone regeneration. Naujokat et al. [33] investigated plates and screws made
of Mg for osteosynthesis in a cranio-osteoplasty model in miniature pig and found that the bone healing
of the osteoplasty was undisturbed during the entire observation period. Schaller et al. [44] found
similar results to Naujokat’s using a WE43 plate/screw system on the frontal bone of miniature pigs.
The Mg-membranes used in the present study showed excellent osteoconductivity and enhanced bone
formation in the vicinity of the implants. This result is consistent with previous reports [22,23,45,46].
Chaya et al. [47] reported that there was enhanced bone formation around a pure Mg plate/screw
system in a rabbit ulna fracture model. In our study, the new bone formed rapidly and almost
completely covered the defect within 2 weeks, which is rarely reported for modern bone guiding
materials such as collagen membranes [40]. An elevated concentration of Mg ions around the implant,
in combination with an increase in local pH values and Ca and P deposition, may be promoting of bone
development processes [9]. While high pH value has some negative effects on the metabolic activities
of osteoclasts which are necessary for bone remodeling, the protein content and cell differentiation are
less affected [48].

The osteogenetic process differed between the Mg-membrane test group and the blank group.
In the early stages of the experiment, there were many osteogenetic sites and bone-island formations
beneath the Mg-membrane, but no continuity. Dense pre-mineralized collagen fiber connected the
new bone and then the newly formed bone completely covered the defects. The rapidly formed new
bone was porous with many holes and cavities. Active osteogenesis occurred at the surface of the
holes/cavities, which were lined with dense pre-mineralized collagen fiber. Then, the bone volume
further increased while the porosity decreased (Figure 6). In a previous study, Dziuba et al. [23]
inserted a Mg alloy into a bone, and found that the bone volume increased; however, there was
a simultaneous reduction in bone density, which may be ascribed to an osteolytic reaction in the
early stages and increased osteoclast absorption. In the present study, the bone defect was nearly
completely repaired at 8 weeks post-implant. For the blank group, new bone formation occurred from
the outer margin to the central region, and the volume of new bone gradually increased during the
observation period. The restoration model of the blank group is consistent with modern bone guiding
materials, such as collagen membranes and titanium mesh [40]. This study shows promising results
for further development of Mg-based membranes for bone-guided regeneration in cranio-maxillofacial
surgery. To promote its future clinical application, some kinds of coatings or other surface treatments
may be performed to improve the materials’ corrosion resistance. Moreover, we have not conducted
in vitro experiments on cells since we think the in vitro evaluation may have a certain gap from
practical application.

5. Conclusions

This study innovatively uses the model as ‘critical-sized rat calvarial defects’ to analysis the
degradation, transportation and osteogenic activity of a REE-containing bioresorbable Mg material
(Mg–6Zn–2.7RE). The key results are as follows:

(1) In the Mg–6Zn–2.7RE membrane degradation process, the Mg matrix degraded first; then,
Zn dissolved and REEs were released slowly. The release rate of REEs depended on the type and
composition of the precipitates;

(2) REEs accumulated in draining lymph node, and may be transported mainly through the
lymph system;
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(3) The Mg-membrane used in the present study showed excellent biocompatibility and enhanced
bone formation in the vicinity of the implants. This result demonstrates that Mg–membranes are
a suitable osteoinduction material for cranio-maxillofacial surgery applications.
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