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Abstract In this study, two types of magnesium alloys

(WE43andMg3Gd)were comparedwithHeal-Allmembrane

(a biodegradable membrane used in guided bone regenera-

tion) in vitro to determine whether the alloys could be used as

biodegradable membranes. Degradation behavior was asses-

sed using immersion testing with simulated body fluid (SBF).

Microstructural characteristics before and after immersion

were evaluated through scanning electron microscopy, and

degradation products were analyzed with energy dispersive

spectrometry (EDS). To evaluate the biocompatibility of the

three types ofmaterials, we performed cytotoxicity, adhesion,

and mineralization tests using human osteoblast-like MG63

cells. Immersion testing results showed no significant differ-

ence in degradation rate between WE43 and Mg3Gd alloys.

However, both Mg alloys corroded faster than the Heal-All

membrane, with pitting corrosion as the main corrosion mode

for the alloys. Degradation products mainly included P- and

Ca-containing apatites on the surface of WE43 and Mg3Gd,

whereas these apatites were rarely detected on the surface of

the Heal-All membrane. All three type of materials exhibited

good biocompatibility. In the mineralization experiment, the

alkaline phosphatase (ALP) activity of 10 % Mg3Gd extract

was significantly higher than the extracts of the two other

materials and the negative control. This study highlighted the

potential of these Mg-REE alloys for uses in bone regenera-

tion and further studies and refinements are obviously

required.

1 Introduction

With the emergence and fast evolution of new medical

technologies, the use of implant-supported dentures as a

restoration method to treat agomphious patients has been

widely accepted in recent decades. However, the quality

and quantity of bone at the implant position is generally

unfavorable for obtaining good osseointegration with the

implants. This limitation has been addressed using guided

bone regeneration (GBR), which was developed by Dahlin

et al. [1–3].

To date, numerous barrier membranes have been used

clinically; these membranes can be classified as resorbable or

non-resorbable [4–7]. Non-resorbable membranes mainly

include expanded polytetrafluoroethylene (e-PTFE) and tita-

nium mesh [6, 7]. These membranes can provide effective

barrier function and are easily managed in clinics because of

their goodmechanical strength and excellent biocompatibility

[8]; nevertheless, secondary removal surgery was needed

while using these membranes increases the pain of the

patients. Commercial resorbable membranes are mainly nat-

ural or synthetic polymers and consist of collagen and ali-

phatic polyesters [4, 5]. Resorbablemembranes do not require

secondary removal surgery, but the unpredictable degradation

may alter the amount of bone formation [9]. Space-making is

one of the fundamental characteristics of barrier membrane,

but the mechanical weakness of resorbable membranes may
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impair their ability of maintaining adequate space [7] and

finally lead to collapse of the barrier and a failed reconstruc-

tion [4]. Therefore, the need for alternatives to commercial

resorbable products is driven by their prohibitively mechani-

cal weakness, unpredictable degradation.

As a new class of biodegradable materials, magnesium

alloys have received increased attention for orthopedic

applications because of their good biocompatibility and

mechanical properties [10, 11].Magnesiummay improve the

formation of new bones [12], and its alloys show improved

osteoconductive bioactivity [13]. However, most currently

existing Mg alloys degrade rapidly, and the release of

hydrogen during degradation may lead to a loss of

mechanical integrity before complete bone regeneration [11,

14]. Several possible approaches used to improve the

degradation rate of Mg alloys include alloying, protective

coating, and surface modification [15]. Altering the content

and composition of alloying elements is performed by add-

ing rare earth elements (REEs) into Mg alloy [15–18]. The

addition of REEs can improve the mechanical strength and

corrosion resistance of the resulting alloys [19]. Mg–Y–Nd

systems have shown goodmechanical strength and corrosion

resistance. Among these systems, WE43 was thought to be a

suitable candidate in implant applications, especially as

cardiovascular stent material [20, 21]. Gd has also been used

to adjust the mechanical properties of Mg alloys for use as

bio-materials with different alloy compositions [22].

In this study, Mg-REE alloys, namely, WE43 and

Mg3Gd, were subjected to surface characteristic evalua-

tion, in vitro degradation tests, and in vitro biocompati-

bility comparison with Heal-All membrane to assess their

potential for biodegradable membranes. Moreover, Heal-

All membrane, which is a resorbable membrane for clinical

applications, is used as positive control.

2 Materials and methods

2.1 Preparation of magnesium alloys and Heal-All

membranes

WE43 and Mg3Gd were provided by the Northwest Institute

for Non-ferrous Metal Research. The alloys were extruded

and shaped into amagnesium alloy sheet by usingmagnesium

and alloying elements. Thin circular plate Mg alloy samples

with dimensions of 6 mm (diameter) and 0.1 mm (thickness)

were selected and ultrasonically washedwith alcohol, sodium

hydroxide, mixture of nitric acid and chromic acid, and

alcohol for surface cleaning. Heal-All membranes (Yan Tai

Zhenghai Biotechnology Corporation, Shandong, China)

were preparedwith the same size as the twoMgalloy samples.

2.2 Immersion test

Each specimen of WE43, Mg3Gd and Heal-All mem-

branes was weighed (W0) and immersed in polythene

vessels containing 12 mL of simulated body fluid (SBF)

solution at 37 �C for 12 days according to ISO 10993-13

and ISO 10993-15. The SBF, containing Na?, K?, Mg2?

and so forth, was prepared under the recommendation of

Kokubo [23]. SBF was replenished every 48 h after

recording the pH of each sample. At each immersion

interval (2, 4, 6, 8, 10, and 12 d), three specimens of each

type of samples were obtained; carefully washed with

acetone, deionized water, 200 g/L CrO3 combined with

10 g/L AgNO3 solution, deionized water, and ethanol to

eliminate degradation products; and dried naturally for

about 2 h. At each considered time point, Final weight

was then recorded (W1). Corrosion rate was calculated

according to Eq. (1).

Corrosion rate ðCRÞ ¼ W0�W1

A � T
ð1Þ

A surface of the sample exposed to SBF solution (cm2);

T immersion time (day).

2.3 Microstructure and surface analysis

The surface morphology of each specimen was character-

ized by scanning electron microscopy (SEM) before

immersion test. After 6 days of immersion, three speci-

mens were gently washed with acetone, alcohol, and

deionized water; dried naturally for 2 h; and subjected to

SEM equipped with energy dispersive spectrometry (EDS)

to evaluate microstructure and phases of the three materi-

als. And specimens washed with 200 g/L CrO3 and 10 g/L

AgNO3 solution were subjected to SEM for the evaluation

of corroded surface morphology. The grains size and pits

diameter were calculated using the pixel and scale bar in

SEM images. Three random fields were selected to count

the grains size and five random fields were selected for pits

diameter.

2.4 Extract preparation

For the preparation of immersion extracts, 10 specimens of

each type of samples were irradiated under UV for 30 min

on each side and then immersed in Dulbecco’s modified

Eagle medium (DMEM) containing 10 % fetal bovine

serum (FBS) with an immersion ratio of 1.25 cm2/mL at

37 �C for 48 h, in accordance with ISO-10993. The

supernatant fluid was removed, serially diluted (100, 50,

and 10 %), and then refrigerated at 4 �C prior to subse-

quent experiments.
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2.5 Cytotoxicity and cell proliferation test

Human osteoblast-like MG63 cells were cultured in

DMEM containing 10 % FBS at 37 �C in humidified

atmosphere with 5 % CO2. Cytotoxicity and cell prolifer-

ation tests were performed by indirect contact. MG63 cells

in the vigorous growth period were digested with trypsin to

adjust the cell density to 5 9 104 or 2 9 104/mL. The cells

were cultured into 96-well plates (100 lL medium/well) at

37 �C for 24 h to allow cell attachment, with 5000/well for

cytotoxicity test and 2000/well for proliferation test. After

the medium was removed, MG63 cells were incubated with

100 lL of diluted (10, 50, and 100 %) magnesium alloy

extract, collagen membrane extract, original culture med-

ium (negative control group), or 0.64 % phenol-containing

culture medium (positive control group). Each group type

has five parallel samples. The medium was replaced every

2 days. After the cells were incubated for 1, 3, and 5 days

(for cytotoxicity test, cells were only incubated for 24 h),

10 lL of CCK8 (Beyotime, Shanghai, China) was added to

each well. The samples were then incubated at 37 �C with

5 % CO2 for 1 h. The plates were then shaken well, and the

OD value of each well was analyzed using a microplate

reader at 450 nm. Each experiment was performed in

triplicate. Relative growth rate (RGR) was calculated as

follows: RGR (%) = (OD value of the test group/OD value

of the negative control group) 9 100. According to the

grading standard, RGR values were converted into five

grades [24].

2.6 Cell adhesion test

Three specimens of each type of samples were initially

sterilized under UV irradiation for 30 min on each side and

placed into 96-well plates. MG63 cells were then seeded on

the sample surfaces at a concentration of 1 9 104/sample for

6 h. Non-adherent cells were removed slightly with PBS

solution. Cells were fixed with 25 % glutaraldehyde at 4 �C
for 30 min, rinsed with PBS solution, and stained with 4,6-

diamidino-2-phenylindole (Beyotime, Shanghai, China) at

37 �C for 20 min. Adhered cells were observed using an

inverted fluorescence microscope (OLYMPUS U-RFL-T,

Japan). Another three specimens incubated with MG63 for

6 h were also rinsed with PBS solution, fixed with 25 %

glutaraldehyde, stored overnight at 4 �C, gradient dehy-

drated with ethanol, dried, coated with gold, and finally

observed by SEM.

2.7 Alkaline phosphatase (ALP) assay

MG63 cells were cultured and seeded into 96-well plates

for 24 h. Then the medium was discarded and 100 lL of

diluted (10 and 50 %) magnesium alloy extracts or

collagen membrane extracts, or original culture medium

(negative control group) were added into each well of the

plates. Alkaline phosphatase (ALP) activity was deter-

mined using a commercial ALP substrate kit (Nanjing

Jiancheng Bioengineering Institute, Jiangsu, China). After

MG63 cells were incubated for 3, 5, and 7 days, the culture

medium was discarded. Cells were then gently washed

twice with PBS solution and then lysed with 100 lL of 1 %

Trixon-100 at 4 �C for 30 min. Cell lysates were then

harvested. Another 96-well plate was added with 30 lL of

the cell lysates (test group), 30 lL of 0.02 mg/mL standard

phenol solution (positive control group), and 30 lL of

deionized water (negative control group). The mixtures

were then performed according to the manufacturer’s

instructions and finally, the 96-well plates was shaken

slightly for 15 s, and the OD value of each well was ana-

lyzed by a microplate reader at 520 nm. The ALP assay

was performed in triplicate. ALP activity was calculated

according to Eq. (2).

ALP activity ¼ OD1�OD0

OD2�OD0

� C1

C2

ð2Þ

OD1: the OD value of the test group; OD2: the OD value of

the positive group; OD0: the OD value of the negative

group; C1: the concentration of standard phenol solution,

0.02 mg/mL; C2: the concentration of total cellular protein.

Total protein in cell lysates was determined using a

bicinchoninic acid protein assay kit (Beyotime, Shanghai,

China), according to the manufacturer’s instructions.

2.8 Statistical analysis

Data on weight loss and OD values were calculated and

presented as mean ± standard deviations. One-way

ANOVA was performed with SPSS 17.0 software to deter-

mine statistically significant differences among different

groups. P\ 0.05 was considered statistically significant.

3 Results

3.1 Microstructures before and after immersion

The microstructures of WE43 and Mg3Gd showed

numerous small particles and bright intermetallic phases

and obviously, more particles were observed on Mg3Gd.

The grain size was from 5 to 40 lm for WE43 and from 5

to 60 lm for Mg3Gd. For Heal-All membrane, the cross-

linked collagen fibers were arranged irregularly and formed

a nest-like micro-appearance with no beads formed

(Fig. 1c). After 6 days of immersion in SBF and acid

washing, the microstructures of the materials were shown

in Fig. 2. Pitting corrosion was predominant during
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degradation for two Mg alloys, which is consistent with

other studies [25] (Fig. 2a). The average diameter of pits

on WE43 was 9.041 ± 3.536 lm with scale from 5 to

20 lm, while it was 8.329 ± 5.262 lm with scale from 3

to 25 lm. It seemed that the pitting corrosion of Mg3Gd

was less-uniform than WE43 due to the pits diameter and

the SEM images in Fig. 2a, b. However, no pores were

formed though many pits could be seen on surface of Mg

alloys indicated that the Mg matrix was still intact at the

sixth day. As for Heal-All membrane, though some colla-

gen fibers cracked, the nest-like micro-structure and the

collagen matrix remained virtually intact after 6 days of

immersion (Fig. 2c).

3.2 In vitro corrosion behavior and degradation

products

To compare the degradation behavior of Mg alloys with

that of the Heal-All membrane, we performed immersion

testing. WE43 and Mg3Gd exhibited similar trend of the

corrosion rate curve, that is, they corroded rapidly during

the first 2 days. Corrosion rate decreased during the next

6 days and then remained virtually stable during the suc-

ceeding 4 days. Mg3Gd corroded faster than WE43, but the

difference was not statistically significant. Meanwhile, the

corrosion rate of the Heal-All membrane remained at low

levels during the entire period and was lower than that of

WE43 and Mg3Gd at any immersion interval, and the

difference was statistically significant.

Figure 3b presents pH changes in the SBF solution. The

pH of SBF containing WE43 and Mg3Gd increased with

immersion time, especially during the first 2 days, which

indicates that the degradation of Mg alloys can produce an

alkaline micro-environment. By contrast, the degradation of

Heal-All membrane produced a weakly acidic microenvi-

ronment as the pH decreased with immersion time.

The microstructures of the three materials after 6 days

of immersion prior to acid washing are shown in Fig. 4.

Fig. 1 SEM image of a WE43, b Mg3Gd, and c Heal-All membrane before immersion; the arrow indicates the particles on the surface
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Fig. 2 SEM image of a WE43, b Mg3Gd, and c Heal-All membrane after immersion and acid washing

Fig. 3 a Corrosion rate of Mg3Gd, WE43, and Heal-All membrane in SBF, and b changes in pH of SBF during the immersion period
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Salt precipitates almost completely covered the WE43

surface (Fig. 4a). While the Mg matrix was still observed

on the Mg3Gd surface (Fig. 4b). And slight salt precipi-

tation was detected on the surface and inner part of Heal-

All membrane (Fig. 4c). However, whether the precipitates

were formed during degradation remained unclear.

The composition of salt precipitates on the sample

surface after 6 days of immersion is shown in Fig. 5 with

the EDS data. Salt deposited on the sample surface

included Ca- and P-containing apatites (Fig. 5a, b). As the

only type of calcium phosphate crystal in calcified tissues,

such as bones and teeth, calcium phosphate apatite exhi-

bits good osteoconductivity to facilitate bone formation

on the surface [26]. As shown in Fig. 5c, only a small

amount of Ca- and P-containing apatites was detected on

the Heal-All membrane.

3.3 In vitro biocompatibility

3.3.1 Cytotoxicity and proliferation of MG63

Cytotoxicity testing was performed with CCK-8. The rel-

ative proliferation rate (RPR) of the negative control was

used as the 100 % baseline. The relationship between cell

RPR and cytotoxicity grade is shown in Table 1 [24]. For

WE43 and Mg3Gd, 100 % extract reduced the viability of

MG63 cells, whereas 50 and 10 % extracts did not sig-

nificantly reduce cell viability (Fig. 6a, b). For the Heal-All

membrane, no significant reduction in viability was

detected in 100, 50, and 10 % extracts (Fig. 6c). The

cytotoxicity grades of all kinds of extract media were ‘‘0’’

or ‘‘1,’’ except for 100 % Mg3Gd extract, whose cytotox-

icity grade was ‘‘2’’ (Table 2).

Fig. 4 SEM images of a WE43, b Mg3Gd, and c Heal-All membrane after immersion; the arrow shows the bare Mg matrix on the Mg3Gd

surface
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Fig. 5 EDS of a WE43,

b Mg3Gd, and c Heal-All

membrane after 6 days of

immersion in SBF
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The proliferation test showed comparable results with

cytotoxicity test results in Fig. 7. For WE43, 100 % extract

significantly reduced the viability of MG63 cells during the

entire period, 10 % extract increased cell viability at day 1,

and 50 %extract increased cell viability at day 5 (Fig. 7a). For

Mg3Gd, 100 % extract showed the most serious inhibition on

MG63 cell viability during the entire period among all the

experimental groups, whereas 10 % extract increased cell

viability at day 5 (Fig. 7b). However, cell proliferation was

not inhibited at any concentration of the Heal-All membrane

extract with increasing immersion time. The 100 % extract

promoted cell proliferation at days 3 and 5 (Fig. 7c).

Figure 8 shows the results of cell viability. Among

100 % extracts, that of the Heal-All membrane evidently

promoted cell proliferation compared with WE43 and

Mg3Gd at any time interval (Fig. 8a). For 50 % extract,

cell viability at day 5 was in the order of WE43[Heal-

All[Mg3Gd (Fig. 8b). Among 10 % extracts, WE43

significantly promoted cell proliferation compared with

Heal-All membrane at day 1 (Fig. 8c).

3.3.2 Cell adhesion

The results of MG63 cell adhesion test on the surface of

WE43, Mg3Gd, and Heal-All membrane are shown in

Figs. 9 and 10. The number of MG63 cells adhered on the

surface was almost the same among the three materials.

MG63 cells adhered to the surface and cracks on WE43

and Mg3Gd by their pseudopods (Fig. 10a, b). On the

Heal-All membrane, MG63 cells migrated into the pores

and were surrounded by collagen fibers (Fig. 10c).

3.3.3 ALP activity

ALP activity is one of the most widely used markers for

early osteoblastic differentiation [27]. According to the

Fig. 6 Results of cytotoxicity test of a WE43, b Mg3Gd, and c Heal-All membrane (*P\ 0.05, **P\ 0.01, ***P\ 0.001)

Table 1 Relationship of cell

RGR and cytotoxicity grade in

Pharmacopoeia in the United

States

RGR (%) Cytotoxic grade

C100 0

C80 1

C50 2

C30 3

C0 4
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results of cytotoxicity and proliferation tests, 50 and 10 %

extracts were selected for ALP assay. ALP activity

increased for most groups with increasing immersion time

(Fig. 11a, b). For 50 % extracts, ALP activity was not

statistically significantly different among different groups

at any time interval, except in group 50 % Mg3Gd at days

3 and 7 (Fig. 11a). By contrast, for 10 % extracts, the ALP

activity of the Mg3Gd group was evidently higher than that

of the other groups at days 5 and 7, and the difference was

statistically significant (Fig. 11b). Thus, Mg3Gd fabricated

in such shape may be more osteoconductive than WE43

and Heal-All membrane.

4 Discussion

Research on GBR is underway. At present, various com-

mercial GBR membranes are available for clinical use. A

barrier membrane should fulfill the following five main

criteria to be used in GBR surgery: biocompatibility, space

making, cell occlusiveness, tissue integration, and clinical

Fig. 7 Proliferation of MG63 cells cultured in a WE43, b Mg3Gd, and c Heal-All membrane extracts for 1, 3, and 5 days (*P\ 0.05,

**P\ 0.01, ***P\ 0.001)

Table 2 Cytotoxicity after culture for 24 h

Group RGR (%) Cytotoxic grade

NC 100 0

WE43 100 % 86.07 1

WE43 50 % 92.46 1

WE43 10 % 103.16 0

Mg3Gd 100 % 62.99 2

Mg3Gd 50 % 95.36 1

Mg3Gd 10 % 97.59 1

Heal-All 100 % 107.80 0

Heal-All 50 % 98.92 1

Heal-All 10 % 100.57 0

PC 40.52 3
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manageability, as described by Scantlebury [28]. Heal-All

membrane is generally used as GBR membrane for clinical

applications in China made in a standardized, controlled

purification process from acellular dermal matrix of cow-

hide. It has a bilayer structure composed of a compact and

porous layer. The compact layer of the membrane pos-

sesses a smooth and condensed surface to protect against

connective tissue infiltration, while the porous layer per-

mits cellular attachment. The main composition, collagen,

is supposed to degraded completely within 6 month

according to manufacturer. However, long and unpre-

dictable degradation time, mechanical weakness, and sev-

ere postoperative swelling of resorbable membranes [29] in

certain cases could result in unsatisfied patients and den-

tists. Therefore, a new kind of biodegradable and bio-

compatible membrane with good mechanical strength must

be developed to benefit both patients and dentists.

Recently Mg alloys have been extensively conducted as

biodegradable materials. However, rapid corrosion rate,

release of hydrogen gas, and lack of long-term mechanical

integrity restrict the clinical applications of Mg alloys [30].

Alloying is used to improve the corrosion resistance of Mg

alloys and REEs (yttrium, neodymium, and gadolinium

[16, 31]) are applied to produce magnesium alloys. Thus,

we selected Mg alloys containing REEs, namely, WE43

and Mg3Gd, and a preliminary study was performed to

determine whether these alloys can be used as GBR

membranes. In this study, all Mg alloys specimens are

compact to prevent the ingrowth of soft tissue to the

greatest extent in the initial time during degradation period.

As Mg alloys degraded, pitting corrosion occurred and a

rough surface formed. And we want this rough surface to

help cell attachment.

4.1 Sample microstructure and corrosion behavior

analysis

It had been reported that yttrium, neodymium and gadolin-

ium can help refine Mg substrate [32, 33]. In this study, the

coarse particles and bright intermetallic phases on the sur-

face of two Mg alloys may also be REE-rich precipitates

[33] but the grain size of WE43 and Mg3Gd was quite

Fig. 8 Proliferation of MG63 cells cultured in a 100 %, b 50 %, and c 10 % extracts for 1, 3, and 5 days (*P\ 0.05, **P\ 0.01,

***P\ 0.001)
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different from other researchers [34], it may because our Mg

alloys were as-extruded [17]. It seemed that Y and Nd may

more efficiently refine the Mg substrate than Gd (Fig. 1a, b)

because of the grains size and the number of coarse particles

and bright intermetallic phases, but the more refined WE43

did not show better corrosion resistance than Mg3Gd

(Fig. 3a). That is, the corrosion behavior of the two Mg

alloys was similar in immersion test (Fig. 3). The corrosion

products layer can protect the Mg substrate from further

degradation [18], thereby decreasing the degradation rate of

WE43 and Mg3Gd. Though corrosion rate in vivo may be

1–4 times lower than the corrosion rate in vitro forMg alloys

[35], the two Mg alloys still corroded too fast in this study,

especially compared with Heal-All membrane. Therefore,

the two Mg alloys should be strongly improved to promote

their corrosion resistance.

After immersion for 6 days, large amounts of salt pre-

cipitates were deposited and covered the surface of the two

Mg alloy, but just a little deposition was seen on the sur-

face of the Heal-All membrane (Fig. 4). The corrosion

product of WE43 and Mg3Gd were mainly composed of O,

Mg, P, and Ca, and element Y, Nd and Gd were also

funded though regardless of their low content. As for Heal-

All membrane, the main elements included C and O

because the Heal-All membrane consisted of collagen

fibers (Fig. 5). Generally, in calcified tissues, such as bones

and teeth, calcium phosphate apatite exhibits good osteo-

conductivity on the surface [26], thus, WE43 and Mg3Gd

may facilitate bone formation due to their corrosion pro-

duct while Heal-All membrane could not.

During their degradation, WE43 and Mg3Gd samples

produced an alkaline micro-environment while an acidic

micro-environment was formed by Heal-All membrane,

which is same as other Mg alloys [18] and resorbable

membranes [29]. It is reported that acidic environment is

beneficial to osteoclast-induced bone resorption [36] while

ALP catalyzes the hydrolysis of phosphate esters to pro-

mote mineralization at alkaline pH [27, 36], which indi-

cated that WE43 and Mg3Gd may have better affinity to

mineralization than Heal-All membrane.

Fig. 9 Adhered MG63 cells after culture on the surface of a WE43, b Mg3Gd, and c Heal-All membranes for 6 h under 4009 magnification
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Fig. 10 SEM images of MG63 cells adhered on the surface of a WE43, b Mg3Gd, and c Heal-All membrane; the arrow indicates pseudopods

stretched by MG63 cells

Fig. 11 ALP activity of MG63 cells cultured in a 50 % and b 10 % extracts for 3, 5, and 7 days (*P\ 0.05, **P\ 0.01, ***P\ 0.001)
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After immersion and acid washing, pits and cracks were

detected on the surface of the two Mg alloys (Fig. 2a, b)

and crack of collagen fibers was seen on Heal-All mem-

brane (Fig. 2c). Despite the pits on two Mg alloys and the

crack of collagen fibers on Heal-All membrane, both Mg

substrate and collagen matrix remained intact so that Mg

alloys and Heal-All membrane could keep their barrier

function, indicating that three type of materials fufilled the

criteria of cell occlusiveness at day 6. After immersion for

12 days, the collagen matrix was still intact. However, after

immersion for 8 days, both two Mg alloys showed porous

appearance under naked eyes and they even cracked into

pieces at day 12, thus lost their barrier function. Therefore,

it is reconfirmed that the corrosion resistance of WE43 and

Mg3Gd should be improved from the view of keeping

barrier function.

4.2 Biocompatibility analysis

Cytotoxicity and proliferation data showed that 100 % Mg-

REE extracts reduced MG63 cell viability. This finding may

be due to high pH and osmolality [37] caused by high ion

concentration in Mg-REE alloys. However, with the scour

and dilution of blood flow, the corrosion product was unable

to accumulate to a high extent in the local area in vivo. As

such, Mg-REE and Heal-All extracts were diluted. The

diluted Mg-REE extracts evidently showed improved cyto-

compatibility, similar to those reported in a previous study

[33]. As predicted, each concentration of the Heal-All

extracts did not adversely affect MG63 cell viability

(Figs. 6c and 7c). Despite the statistically significant dif-

ference among different experimental groups of diluted

extracts, the present results indicate that the two Mg-REE

alloys satisfied cytocompatibility requirements in vitro for

medical applications. The cell adhesion experiment was

then conducted to evaluate the in vitro tissue integration of

three materials. Figure 9 showed the number of MG63 cells

adhered on the three type of materials was almost the same.

However, MG63 cells on the Heal-All membrane was sur-

rounded by and adhered to collagen fibers, thus showed the

best morphology comparedwith those onWE43 andMg3Gd

(Fig. 10). It may due to that collagen fibers may act as a

reservoir in the cell–matrix attachment of osteogenic cells

[38]. Therefore, all materials can support cell attachment but

animal study is indispensable to further evaluate the in vivo

tissue integration of WE43 and Mg3Gd. Anyway, both

WE43 and Mg3Gd showed good in vitro biocompatibility

according to cytotoxic, proliferation and adhesion test.

4.3 ALP activity analysis

ALP is an early osteoblastic differentiation marker which

was evaluated to determine whether the extracts of the three

materials were osteoinductive (Fig. 11). For Mg3Gd, 50 %

extract inhibited ALP activity at days 3 and 7, whereas 10 %

extract promoted ALP activity at days 5 and 7. This finding

may due to the local concentration ofMg2?. ModerateMg2?

concentrations enhance osteogenic activity [39], whereas

high Mg2? concentrations inhibit mineralized matrix depo-

sition [40]. However, for WE43, neither 50 nor 10 % extract

showed an inhibitory or promotion effect on MG63 ALP

activity. Studies showed that in vitro and in vivo corrosion of

the same Mg alloy varied because of proteins and other

components in body fluids [35, 41]. In the present study, all

extracts were prepared in DMEM containing 10 % FBS.

Although the degradation tendency was similar between

WE43 and Mg3Gd in SBF, the degradation behavior of both

alloys may differ in DMEM. Thus, Mg2? concentration in

the 50 and 10 % extracts of WE43 may be too low to affect

ALP activity. However, the membrane extract showed little

effect on early osteogenic activity. Thus,Mg3Gdmay help to

promote and accelerate bone regeneration if it is improved to

be used as GBR membranes, considering its intrinsic effect

on the ALP activity of MG63 cells.

5 Conclusion

In this study, two types of Mg-REEs alloys, WE43 and

Mg3Gd, were compared with Heal-All membrane. Results

showed that both two Mg alloys had good biocompatibility,

which made them suitable as medical applications. More-

over, the 10 % extract of Mg3Gd could increase the ALP

activity of MG63 cells, which may promote the mineral-

ization [36], accelerate bone regeneration, and shorten the

healing time. However, compared with Heal-All mem-

brane, the too-fast degradation of two Mg alloys inhibited

them to be used as GBR membrane due to the compro-

mised cell occlusiveness and loss of barrier function.

Besides, the in vivo tissue integration and clinical man-

ageability of WE43 and Mg3Gd should also be further

determined whether they can fulfill the criteria or not.

Most importantly, the study presented here, which only in

its preliminary stages, highlighted the potential of theseMg-

REE alloys for uses in bone regeneration. Certainly, further

studies and refinements are obviously required. For example,

the corrosion resistance of these Mg-REE alloys should be

further improved to consistent with the duration of bone

regeneration. Besides, Mechanical properties, in vivo cor-

rosion behavior and the promotion of bone regeneration

in vivo of either Mg-REE alloys or Heal-All membrane

should be evaluated and compared to determinewhetherMg-

REE alloys could be used as GBR membranes.
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