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Abstract 

Magnesium (Mg) and its alloys have emerged as promising candidates for guided bone/tissue regeneration (GBR/GTR) due to their good 
mechanical properties, biosafety, and biodegradability. In this study, we present a pioneering application of Mg-Ag alloys featuring tunable 
corrosion behaviors for GBR/GTR membranes, showcasing their in vitro antibacterial effects, cell migration, and osteogenic differentiation 
abilities. Mg-Ag alloys with different Ag contents were engineered to facilitate the cell migration of murine fibroblasts (L929) and the 
osteogenic differentiation of rat bone mesenchymal stem cells (rBMSCs). The Mg-Ag alloy consisted of recrystallized α-Mg grains and fine 
Mg4 Ag second phases, with an observable refinement in the average grain size to 5.6 μm with increasing Ag content. Among the alloys, 
Mg-9Ag exhibited optimal mechanical strength and moderate plasticity (tensile yield strength of 205.7 MPa, elongation of 20.3%, and a 
maximum bending load of 437.2 N). Furthermore, the alloying of Ag accelerated the cathodic reaction of pure Mg, leading to a slightly 
increased corrosion rate of the Mg-Ag alloys while maintaining acceptable general corrosion. Notably, compared with pure Mg, Mg-Ag alloys 
had superior antibacterial effects against Porphyromonas gingivalis (P. gingivalis) and Staphylococcus aureus (S. aureus). Taken together, these 
results provide evidence for the significant clinical potential of Mg-Ag alloys as GBR/GTR membranes. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Guided bone/tissue regeneration (GBR/GTR) technology
s considered as one of the most effective treatments that can
romote periodontal defect regeneration [1–3] . It works by
lacing a structural membrane like a barrier between the gin-
ival tissue and the periodontal bone defect, originally tar-
eted at providing mechanical support to prevent fibroblasts
r epithelial cells from growing into the bone defect area [4] .
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Although specific clinical reports have documented ad-
quate periodontal tissue regeneration with the GBR/GTR
trategy, complications, notably the elevated risk of post-
perative infection and the high incidence of wound dehis-
ence, have proven unsatisfactory [5 , 6] . This discouraging
utcome can be attributed to the limited properties of tra-
itional membranes serving solely as physical barriers with-
ut essential osteogenic and antibacterial abilities crucial for
romoting the repair of damaged periodontal tissue. Commer-
ial non-absorbable membranes, such as polytetrafluoroethy-
ene (PTFE) and titanium (Ti), boast excellent mechanical
roperties [7 , 8] . However, their bioinert nature necessitates
econdary surgical removal. On the other hand, absorbable
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embranes, like collagen, offer advantages in terms of bio-
ompatibility and cell affinity [9] . Nevertheless, their un-
redictable degradation rates and insufficient strength pose
hallenges [10] . Crucially, the implantation of these barrier
embranes creates open wounds vulnerable to penetration

y the abundant bacteria within the oral cavity [11] . There-
ore, an ideal GBR/GTR membrane should encompass the
ollowing attributes: sufficient mechanical properties, appro-
riate degradability, biocompatibility, outstanding antibacterial
ffects, and the capacity to facilitate both wound healing and
steogenesis [12–14] . 

Pure Mg has been demonstrated efficacy as a barrier
embrane, offering sufficient mechanical properties, and its

orrosion-induced local alkaline environment exhibits an an-
ibacterial effect [15 , 16] . Nevertheless, the dynamic environ-
ent within the human body significantly diminishes its an-

ibacterial effect [17] . The introduction of alloying elements
s a good option to optimize the properties of Mg alloys by
ustomizing the formability, mechanical performance and bi-
logical functionality [18] . Silver (Ag) exhibits stable broad-
pectrum antibacterial activity, and has been used to treat
hronic wound dehiscence [19] . Furthermore, considering the
ligodynamic antibacterial capability of Ag at a relatively low
oncentration, Mg-Ag alloys with antibacterial properties have
arnered significant attention [20] . Bryła et al. [21] investi-
ated the corrosion behavior of the Mg-Ag alloy in simulated
ody fluids (SBF), both in its as-cast state and after equal-
hannel angular pressing. The findings revealed that grain re-
nement had a minimal impact on the corrosion rate of the
g-Ag alloy. Liu et al. [22] optimized the distribution of sec-

nd phases in as-cast Mg-Ag alloys through heat treatment to
nhance their corrosion resistance. The antibacterial effects of
g-Ag alloys against Staphylococcus strains are highly de-

endent on the Ag content. Furthermore, Chen et al. [23] dis-
overed that, in comparison with Mg-Ca alloy, Mg-Ca-Zn-Ag
lloy exhibited superior antibacterial and osteogenic proper-
ies. Notably, when the Ag content was 1.5 wt.%, the Mg
lloy demonstrated significantly enhanced osteogenic activ-
ty and bone substitution rate following implantation in rat
emoral defects. This enhancement can be attributed to the
dditional release of Zn2 + and Ag+ ions, which stimulate
n extensive bone remodeling process. Herein, we hypothe-
ized that Mg-Ag alloys, featuring tunable corrosion behav-
ors as GBR/GTR membranes, could promote wound healing,
steogenic differentiation and prevent bacterial invasion. 

In the present study, biodegradable Mg-Ag alloys were
ailored by introducing varying Ag contents for GBR/GTR
embranes. The microstructure evolution and mechanical

roperties of Mg-Ag alloys were clarified. The distribution of
econd phases, corrosion behavior and Ag+ release kinetics of

g-Ag alloys have been investigated systematically. To real-
ze the bio-functionality of Mg-Ag alloy membranes, special
ttention was paid to their antibacterial activity against Por-
hyromonas gingivalis (P. gingivalis) and Staphylococcus au-
eus (S. aureus). Furthermore, the cytotoxicity, cell migration
nd osteogenic differentiation of Mg-Ag alloys were evaluated
rom the perspective of GBR/GTR membrane application. 
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
. Materials and methods 

.1. Samples preparation 

Pure Magnesium ( ≥ 99.95 wt.%) and silver granules
99.99 wt.%) were used to prepare Mg-Ag alloy ingots, which
ere melted in a stainless-steel crucible at 720 °C, with the
rotect atmosphere of CO2 and SF6 . All the Mg alloy ingots
ere machined into the billets with a diameter of 80 mm,

nd hot extruded at 350 °C, with the extrusion ratio of 25:1.
he obtained Mg alloy rods have the nominal compositions
f pure Mg (denoted Mg), Mg-5 wt.%Ag (denoted Mg-5Ag)
nd Mg-9 wt.%Ag (denoted Mg-9Ag). Mg alloy membranes,
ith a thickness of 1 mm, were cut along the extrusion direc-

ion of the obtained Mg alloy rods, and polished in 5% (v/v)
itric acid ethanol solution. 

.2. Microstructure characterization 

The grain size, orientation and texture of Mg alloy mem-
ranes were analyzed by Electron Backscatter Diffraction
EBSD) performed by a field emission scanning electron mi-
roscopy (JEOL JSM-7800F), equipped with HKL Chanel 5
ystem. The phase compositions were characterized through

he X-ray diffractometer (XRD, D/Max 2500 PC). 

.3. Mechanical properties 

The tensile samples have a gauge length of 9 mm, a width
f 4 mm, and a thickness of 1 mm, and the tensile test was
onducted with a strain rate of 0.001 s−1 . To character the
haping ability of Mg alloy membranes, three-point bending
ests were performing by using a Universal testing machine
MTS EDT503A Series). The samples were machined into
0 mm (ED) × 12 mm (TD) × 1 mm, and placed on two
upport rollers with the distance of 13 ±0.5 mm. The loading
ate is set as 1 mm/min, and all the tests were repeated 5
imes. 

.4. Immersion test 

The square Mg sample with a size of 10 × 10 mm2 , and
 thickness of 1 mm was soaked in Dulbecco’s Modified Ea-
le Medium (DMEM) at 37 °C with shaking at a rate of 90
pm. The ratio of solution volume to the surface area of sam-
les is 20 mL ·cm−2 . The detailed composition of DMEM can
e found in Ref [24] . The Mg alloy sample utilized for the
eight loss test has a diameter of 1 mm. After sealing the
ack and surrounding sides with epoxy resin, it was soaked
or 72 h. Subsequently, the sample was immersed in a dilute
hromic acid aqueous solution (180 g ·L−1 ) for 5 min to elim-
nate corrosion products. Repeat the cleaning process multiple
imes for each sample until no significant difference in mass
oss is discerned between two consecutive cleanings. The av-
rage corrosion rate was calculated based on the weight loss
ate ( �W ) by using the following equation [25] : 

�W 

(mm·y−1 ) = 2 . 10 �W(mg · cm−2 · d−1 ) 
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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The pH values and the concentration of released Ag+ were
ecorded at different intervals by ICP-MS (NexION 5000,
erkinElmer). ATR-FTIR spectroscopy (Nicolet iS5, Thermo
isher Scientific) from 4000 to 400 cm−1 was also conducted

o identify the functional groups of the corroded samples. X-
ay photoelectron spectrometer (XPS, ESCALAB 250Xi sys-
em, Thermo Fisher Scientific) with Al K α X-ray source was
lso utilized to identify the surface chemistry of the corrosion
roducts. 

.5. Electrochemical test 

To conduct electrochemical tests in DMEM, employ Mg
lloy samples with a diameter of 1 mm, thereby exposing a
urface area of 0.785 cm2 to the DMEM. The open circuit
otential evolution, electrochemical impedance spectroscopy
EIS) and potentiodynamic polarization (PDP) using Gamry
nterface 1010E. A three-electrode cell with Mg alloys as the
orking electrode, the saturated calomel electrode as the ref-

rence electrode and platinum electrode as the counter elec-
rode were used. A scanning rate of 1 mV ·s−1 was used in
he PDP test, and the frequency range from 10−2 Hz to 105 

z was applied in EIS tests. The EIS spectra were fitted with
he ZSimpWin software. The polarization resistance (Rp ) and
orrosion current density (Icorr )were estimated with the Stern-
eary equation [26] . 

.6. In vitro cell evaluation 

.6.1. Cell cytotoxicity assay 
Murine fibroblasts (L929) were used to assess in vitro

ytotoxicity. According to ISO10993-12:2021 standard, ex-
racts of Mg and Mg-Ag alloys were prepared by soaking in
MEM at 37 °C for 72 h under humidified 5% CO2 atmo-

phere, and the ratio of the surface area of samples to the
olume of the medium was 3 cm2 /mL [27] . The cytotoxicity
as evaluated by an indirect method from the extracts sup-
lemented with 10% fatal bovine serum (FBS, Vivacell), 1%
enicillin/streptomycin (PS, NCM Biotech). L929 cells were
eeded at a density of 4 × 104 cells/cm2 and the culture
edium without extracts was used as negative control. After

ncubation for 1 d, the medium with 10% Cell Counting Kit-
 (CCK-8; Dojindo Kagaku Co) reagent was added to each
ell, and incubated at 37 °C for 2 h, then the optical density

OD) was recorded at 450 nm with a microplate reader. 

.6.2. Cell migration assay 
The cell migration capacity of L929 cells cultured in 10%

oncentration extracts of Mg alloy membranes, both scratch
nd transwell migration assays were applied. L929 cells were
eeded in 6-well plates. Cells on the plate with 90% conflu-
ncy were scratched by using a P200 pipette tip, and then
insed twice to remove detached cells. The Mg extracts were
dded to the well and cultured for 24 h. The photo of each
roup was taken after 0 h and 24 h of incubation under a
eica DMIRE 2 microscope. The wound contraction among
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
roups was calculated according to the following formula: 

ound contraction = 

Wd0 −Wdt 

Wd0 
× 100% 

Wd0 and Wdt are the wound area recorded at 0 h and 24
, respectively. 

L929 cells were seeded in the upper chamber (Millipore)
f 12 well plates, while 600 μL of extracts were added to
he lower chamber. After 48 h of incubation, the upper cham-
er was removed, and the cells were immobilized in 4%
araformaldehyde for 30 min, and then stained with 0.1%
ethylrosanilinium chloride. At least 10 photos of each group
ere taken by the upright microscope (Leica Microsystems,
ntario, Canada). 

.6.3. Osteogenic differentiation assay 
The osteogenic differentiation properties of the Mg alloys

ere evaluated by culturing rat bone marrow mesenchymal
tem cells (rBMSCs, 2 × 104 cells/cm2 ) in osteogenic induc-
ion medium containing 10% concentration extracts of Mg
lloys. After 14 d of incubation, rBMSCs were treated by the
taining of alkaline phosphatase (ALP, Beyotime, China). 

.6.4. Osteogenesis-related gene expression 

qRT-PCR was performed using ChamQ SYBR qPCR
aster Mix (Vazyme) on an ABI-7300 Real-Time PCR

ystem (Applied Biosystems) to analyze the expression of
steogenesis-related genes, such as ALP, Col-1, OCN, and
SX, after 14 days of incubation. Total RNA was isolated

rom rBMSCs using FastPure® Cell/Tissue Total RNA Iso-
ation Kit (Vazyme) and converted to cDNA with HiScript®
II RT SuperMix (Vazyme). All the reactions were performed
n triplicate with GAPDH as an internal control. The primers
ere listed in Table 1 : 

.7. In vitro antibacterial activity 

.7.1. Antibacterial performance 
Gram-negative Porphyromonas gingivalis (P. gingivalis,

TCC 33277) and Gram-positive Staphylococcus aureus (S.
ureus, ATCC 25923) were utilized to evaluate the antibacte-
ial activity of Mg, Mg-5Ag and Mg-9Ag. P. gingivalis was
ultured in brain heart infusion (BHI) and BHI agar with
emin, vitamin K and defibrinated sheep blood as supple-
ents. S. aureus was cultured in Luria-Bertani (LB) broth

nd LB agar. The sterile Mg alloys were immersed in BHI
nd LB broth at 37 °C for 72 h to prepare extracts, and the ex-
raction ratio was consistent with the in vitro cell evaluation.
he bacterial suspension (106 CFU/mL) was incubated with
0% concentration extracts of Mg alloys in 12-well plates. To
nalyze the bacterial growth rate, the OD values were read at
00 nm using a microplate reader at 0 h, 12 h, 24 h and 48 h.
fter 24h of incubation, the two species of bacterial suspen-

ion were diluted, respectively. The diluted solution (100 μL)
as evenly spread on BHI agar plates and LB agar plates to

ount the forming colony units. 
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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Table 1 
Primer Sequences for qRT-PCR. 

Target gene Forward primer sequence (5′ −3′ ) Reverse primer sequence (3′ −5′ ) 

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 

OSX AAGAAGCCCATTCACAGC CTTGCCACAGAAAAGCCA 

OCN ATCTTTCTGCTCACTCTGCT CTACCTTATTGCCCTCCTG 

ALP CCTGACTGACCCTTCCCT AATCCTGCCTCCTTCCAC 

Col-I CCAGACGCAGAAGTCATA CAAAGTTTCCTCCAAGAC 
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.7.2. Live/dead staining test 
After 24 h of incubation, the two species of bacteria

ere washed twice using 0.85% NaCl solution and stained
IVE/DEAD® BacLightTM Bacterial Viability Kit (L7012,

nvitrogen, USA). A confocal laser scanning microscopy was
sed to observe the bacteria viability. 

.7.3. TEM observation 

Transmission electron microscopy (TEM, Hitachi-7600
achine, Tokyo, Japan) was performed to examine the in-

racellular changes in the two species of bacteria. After 24h
f incubation, the bacteria were fixed with a mixture (1:1) of
.5% (v/v) glutaraldehyde and 4% w/v paraformaldehyde at
 °C for 12h, and then were fixed in 1% (w/v) osmium tetrox-
de (Os O4 ) for 2 h. After that, the bacteria were dehydrated in
 series concentration of ethanol, and embedded in paraffin
ax. The thin sections were cut by using an ultramicrotome

PowerTome-PC; RMC, America). 

.8. Statistical analysis 

Data from a minimum of three independent experiments
ere analyzed using GraphPad 6.0 software and expressed as
ean ± SD. Differences among three groups or more were

nalyzed by one-way ANOVA. P-values < 0.05 were consid-
red as statistically significant. 

. Results 

.1. Microstructural evolution 

Fig. 1 shows the microstructures evolution and the XRD
iffraction patterns of Mg and Mg-Ag alloys, which were
aken along the extrusion direction. Mg was mainly com-
osed of coarse grains, and by alloying with the element Ag,
he grain size of the Mg-Ag alloys gradually became finer.
or Mg and Mg-5Ag, all diffraction peaks were identified as
-Mg phase, while some other diffraction peaks with weak

ntensities were detected in Mg-9Ag, identified as Mg4 Ag
 Fig. 1 d). It can be inferred that Ag element of Mg-5Ag ap-
roximately dissolve into the Mg matrix with a small amount
f precipitation, which was also proved from Fig. 1 b. In con-
rast, numerous secondary phase particles with bright contrast
ppeared in Mg-9Ag. Combined with the EDS and XRD anal-
sis, the secondary phases were Mg4 Ag compounds. 

The EBSD analysis of Mg, Mg-Ag alloys is shown in
ig. 2 . Mg and Mg-Ag alloys demonstrated basal texture
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
hat plane of Mg matrix was parallel to the extrusion direc-
ion. In addition, the basal texture of Mg-Ag alloys became
eaker with the increase of Ag content, and Mg-9Ag had

he lowest texture intensity of 5.79. It can be observed that
ots of low angle grain boundaries (LAGBs) in the unDRXed
oarse grains of Mg ( Fig. 2 a), while there were fewer num-
er of LAGBs in Mg-5Ag and Mg-9Ag. Mg-Ag alloys ex-
ibited relatively homogeneous equiaxed grain structure, and
he DRXed grains of Mg-Ag alloys had a more random tex-
ure, in which Mg-9Ag obtained a nearly fully DXRed grain
tructure. As shown in Fig. 2 c, d and e, the grain size of Mg
lloys was decreased with the increasing content of Ag. As
 result, the average grain size of Mg was 41.4 μm, while
hose of Mg-5Ag and Mg-9Ag were 28.5 μm and 5.6 μm,
espectively. 

.2. Mechanical and degradation behavior 

The mechanical behavior of Mg and Mg-Ag alloys was
valuated by static tensile and three-point bending tests, and
he mechanical properties are shown in Fig. 3 . The addition
f Ag element significantly enhanced the yield strength (YS)
nd ultimate tensile strength (UTS) of Mg alloys, and the
S and UTS of Mg-9Ag can reach 205.7 MPa and 313.8
Pa, respectively. Mg-5Ag has a UTS of 259.3 MPa and the

longation at fracture of 26.1%. The presence of Ag also im-
roved the bending resistance of Mg alloys. Mg, Mg-5Ag and
g-9Ag can withstand a maximum load of 194.0 N, 373.6 N

nd 437.2 N, respectively. Compared with Mg, Mg-Ag alloys
xhibited better bending ability at ambient temperature. When
he maximum displacement was 5.5 mm, Mg-Ag alloys were
ent, and no cracks were observed. 

Fig. 4 displays the in vitro degradation behavior of Mg
nd Mg-Ag alloys. The surface morphologies of samples im-
ersed in DMEM for 72h ( Fig. 4 a), and corrosion layers

ormed on samples with numerous microcracks and white
ontrast deposits. In addition, more microcracks and deposits
an be observed on the corrosion layer of Mg-9Ag. The corro-
ion products were analyzed by ATR-FTIR, and it indicated
hat CO3 

2−, PO4 
3− and HPO4 

2− bands appeared at 1300–
550 cm−1 , 1000–1140 cm−1 and 913–934 cm−1 , respec-
ively ( Fig. 4 d) [28] . The pH values and the concentration
f released Ag+ of Mg and Mg-Ag alloys in DMEM were
easured ( Fig. 4 e, f). For the three groups, the pH values

ncreased rapidly within 24h, then the growth trend gradu-
lly slowed down, and finally stabilized. The pH values of
g-5Ag and Mg showed similar trends and were still lower
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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Fig. 1. Microstructure of (a) Mg, (b) Mg-5Ag, (c) Mg-9Ag, XRD patterns of Mg and Mg-Ag alloys, and quantified EDS spectra for the marked area of (e) 
Mg-5Ag and (f) Mg-9Ag alloys. 

Fig. 2. Microstructure of (a) Mg, (b) Mg-5Ag, (c) Mg-9Ag, XRD patterns of Mg and Mg-Ag alloys, and quantified EDS spectra for the marked area of (e) 
Mg-5Ag and (f) Mg-9Ag alloys. 

Fig. 3. (a) Tensile strain-stress curves and (b) bending displacement-load curves of Mg and Mg-Ag alloys. 

Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the barrier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.03.022
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Fig. 4. Surface morphology of samples immersed in DMEM for 72h: (a) Mg, (b) Mg-5Ag, (c) Mg-9Ag, (d) ATR-FTIR spectra of the corrosion products, (e) 
the pH values evolution and (f) the concentration of cumulatively released Ag+ with a function of immersion time. 
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han 9 after soaking for 72h. Furthermore, the pH value of
g-9Ag reached a maximum of 9.9 after soaking for 72h.

he Ag+ concentration of Mg-5Ag was the highest, reaching
1 μg/mL after soaking for 72h. The maximum Ag+ con-
entration released by Mg-Ag alloy is much lower than the
ytotoxic content of mammalian cells (1200 μg/mL) [29] . 

To further reveal the chemical composition of the corrosion
roducts, the corroded samples were characterized by X-ray
hotoelectron spectroscopy (XPS) after soaking in DMEM
 Fig. 5 ) [30] . XPS survey spectra display that Mg, O, Ca,
, C and limited Na elements were detected in three sam-
les. The composition of corrosion products of Mg-5Ag was
imilar to that of Mg, and Ag element was not detected
y XPS ( Fig.5 a, b). The high-resolution Mg 2p spectra of
g-5Ag are shown in Fig. 5 d, Mg 2p peak was distributed

rom 47.0 to 52.8 eV, which can be fitted by Mg0 at 49.5 eV,
g2 + at 50.6 eV. Noted that, O bonding states can be as-

ociated with metal hydroxide/carbonate ( ∼532 eV), metal
xides (530.5 eV). The C 1s spectra reveal more about the
urface bonding states, which show a sharp main peak of
84.8 eV originating from C–C, and the broad peak at 288.5
V should be attributed to metal carbonate. Specifically, the
 2p spectra are likely associated with a typical phospho-
ic group peak at 133.5 eV. Besides, Ca 2p peak assigned
o 347.0 eV, accompanied by C 1s at 288.5 eV and O 1s
t 530.5 eV was detected. Combined with the ATR-FTIR re-
ults, it indicates the possible presence of Mg-O, Mg-OH,
g-CO3 , Mg-PO4 , Ca-PO4 and Ca-CO3 binding. Notably,
g and Cl elements were detected in the corrosion prod-
cts of Mg-9Ag. The high-resolution Ag 3d spectra consist
f two individual peaks at 373.4 eV and 367.4 eV, accompa-
ied by Cl 2p at 199.27 and 197.67 eV, ascribed to the Ag-
ominated corrosion products of AgCl (Fig. S1, supporting
nformation). 
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
The degradation behavior of Mg alloys was evaluated
y potentiodynamic polarization (PDP) and electrochemical
mpedance spectroscopy (EIS) in DMEM, as depicted in
ig. 6 . Mg alloys with higher Ag content exhibited higher
pen-circuit potential (OCP) after immersion for 900 s, and
he OCP of Mg, Mg-5Ag and Mg-9Ag was −1.95 ± 0.02

SHE , −1.74 ±0.02 VSHE and −1.67 ±0.03 VSHE , respectively.
lloying element Ag showed little effect on the anode dis-

olution rate, while accelerating the cathodic process of Mg
lloys, which is consistent with the phenomenon observed
n Mg-Mn-Ag alloys by Yang et al. [31] . The anodic po-
arization curves of Mg-Ag alloys present pseudo-passivation
haracteristics, and the pitting potentials of Mg-Ag alloys are
round −1.37 VSHE , which implies partially pseudo-protective
lms on the surface of Mg-Ag alloys. The corresponding elec-

rochemical parameters derived from the polarization curves:
orrosion potential (Ecorr ), corrosion current density (Icorr ), ca-
hodic slope ( βc ), corrosion resistance (Rp ) and corrosion rate
VPDP ) are listed in Table 2 . Although the addition of Ag
oved Ecorr of Mg alloys to a more positive direction, it also

nhanced Icorr , resulting in a decrease of Rp . The Nyquist
urves of Mg alloys all exhibited two capacitive loops: the
igh-frequency capacitive loop represented the film resistance,
nd the medium-frequency capacitive loop related to the re-
axation of the mass transport in the solid phase was a result
f the formation of the corrosion product film. Therefore, the
ecreasing order of corrosion rate: Mg-9Ag > Mg-5Ag > Mg. 

.3. In vitro biological evaluation 

.3.1. Cytotoxicity and cell migration 

Fig. 7 shows the relative L929 cells viability incubated in
ifferent concentrations of Mg alloy extracts for 24h. The cy-
ocompatibility of Mg alloy extracts on L929 cells can be im-
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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Fig. 5. XPS analysis of the corrosion products: (a) Mg, (b) Mg-5Ag, (c) Mg-9Ag and (d) typical high-resolution narrow scan results of Mg 2p, O 1s, Ca 2p, 
P 2p and C 1s for the corroded Mg-5Ag. 

Fig. 6. Electrochemical behavior of Mg and Mg-Ag alloys immersed in DMEM: (a) Evolution of open-circuit potential, (b) Potentiodynamic polarization 
curves, (c) Nyquist diagram, (d) Bode and phase angle diagrams. 

Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the barrier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.03.022
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Table 2 
Electrochemical parameters of Mg based membranes derived from Fig. 6 b, and corrosion rates measured by weight loss. 

Samples Ecorr (V) Icorr (A ·cm−2 ) βc (mV ·dec−1 ) Rp ( �·cm−2 ) VPDP (mm ·y−1 ) V�W 

(mm ·y−1 ) 

Mg −1.84 4.77 × 10−5 231.1 1138.1 1.04 1.47 
Mg-5Ag −1.70 1.60 × 10−4 292.0 403.4 3.49 2.49 
Mg-9Ag −1.61 2.23 × 10−4 251.4 248.2 4.86 4.88 

Fig. 7. Cytotoxicity of L929 cells incubated with different concentrations of Mg alloy extracts (Data presented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.001). 
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roved by dilution. Compared with the control group, all 50%
oncentrations of Mg alloy extracts can significantly promote
929 cell viability, among which Mg-5Ag and Mg showed
imilar trends. Notably, further dilution of Mg alloy extracts
o concentrations of 10% decreased cell viability in all groups.

To clarify how Mg-Ag alloys affect the cell migration
ehavior, both scratch and transwell migration assays were
onducted ( Fig. 8 ). Compared with the control group, faster
ound closure of L929 cells incubated in the Mg and Mg-Ag
roups was observed. In particular, the Mg-Ag groups posi-
ively affected the migration behavior of L929 cells. The Mg-
Ag group exhibited the smallest scratch area, and the wound
losure rate reached around 50% after 24h. In addition, L929
ells tended to move to the lower chamber containing Mg
nd Mg-Ag alloy extracts. More L929 cells were observed in
he Mg groups with higher Ag contents, and exhibited fiber
usiform shape. These results suggested that Mg-Ag alloys
ad a significantly promotive effect on the migration behav-
or of L929 cells, which was beneficial to wound healing. 

.3.2. Osteogenic differentiation performance 
We explore the effect of Mg alloys on the osteogenic dif-

erentiation behavior of BMSCs. ALP activity is an early
steogenic marker, and evaluated by ALP staining on BM-
Cs cultured in Mg alloy extracts for 14d ( Fig. 9 a). The
LP results showed that there was no significant difference
etween the Mg group, the Mg-Ag groups and the control
roup cultured in osteogenic induction medium. For Alizarin
ed S staining, mineralization nodules deposition of all the
roups also revealed no significant difference ( Fig. 9 b). To
urther investigate the osteogenic effect at the gene level, the
steogenesis-related genes: Col-I, ALP, OCN and OSX by
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
RT-PCR ( Fig. 9 c). The expression level of the osteogenesis-
elated genes was increased in Mg and Mg-Ag groups, and
ignificantly upregulated in Mg-9Ag group. Specifically, OCN
evels are indicative of the bone formation rate, while OSX
s associated with osteoblast differentiation and bone min-
ralization. The Mg-9Ag group exhibited notably favorable
esponses in both OCN and OSX detection, suggesting an
nhanced support for osteogenic differentiation. 

.3.3. Antibacterial activity 
To evaluate the antibacterial effect of Mg-Ag alloys, Gram-

egative Porphyromonas gingivalis (P. gingivalis) and Gram-
ositive Staphylococcus aureus (S. aureus) were cultured in
g alloy extracts, respectively. First, the growth curves of

wo kinds of bacteria within 48h are depicted in Fig. 10 a
nd c. Compared with the control group, the OD values of
oth bacteria in the Mg and Mg-Ag groups exhibited mini-
al increases as the incubation time progressed. Notably, the
D value in the Mg-Ag group remained consistently low at
8h, but the Mg group displayed a rising trend. Second, the
lating gradient dilution method was also employed to con-
rm the number of bacterial colonies at 24h ( Fig. 10 e and
). Consistently, the Mg-Ag group exhibited a significant de-
rease in the number of bacterial colonies on plates compared
ith the control and Mg groups, suggesting that both Mg-
Ag and Mg-9Ag groups have effective antibacterial activity.
he summarized colony counts are presented in Fig. 10 b and
. Remarkably, the Mg-9Ag group demonstrated almost no
ormation of bacterial colonies, highlighting its superior an-
ibacterial performance against P. gingivalis and S. aureus. 

The morphology of bacteria cultured in Mg alloy extracts
as further observed by TEM ( Fig. 11 ). Both S. aureus and P.
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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Fig. 8. The migration behavior of L929 cells cultured in Mg alloy extracts: (a) scratch assay and (b) transwell migration assay. 

Fig. 9. Osteogenic differentiation behavior of rBMSCs cultured in Mg alloy extracts: (a) ALP staining, (b) Alizarin Red S staining, and (c) relative expression 
of osteogenic differentiation marker genes in rBMSCs cultured for 14 days (Data presented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). 

Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the barrier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.03.022
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Fig. 10. In vitro antibacterial performances of Mg alloys: (a) growth curves of S. aureus cultured in Mg alloy extracts within 48h, (b) colony counts of S. 
aureus after 24 h, (c) the growth curves of P. gingivalis cultured in Mg alloy extracts within 48h, (d) colony counts of P. gingivalis after 24 h. Representative 
images of (e) S. aureus and (f) P. gingivalis grown in Mg alloy extracts after 24 h. (Data presented as mean ± SD, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗P < 0.001). 

Fig. 11. Bacteria morphologies of S. aureus and P. gingivalis cultured in Mg alloy extracts visualized by TEM after 24h. 

Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the barrier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.03.022
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Fig. 12. Confocal laser scanning microscopy images of live/dead bacteria staining after 24 h (Live bacteria stained green, and dead bacteria stained red). 
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ingivalis show a healthy morphology and normal binary fis-
ion in the control group. In the pure Mg group, the cell walls
f the majority of bacteria experienced shrinkage, while some
acteria could still perform normal binary fission. However,
he morphologies of S. aureus and P. gingivalis were abnormal
n the Mg-5Ag and Mg-9Ag groups. Notably, compared with
he pure Mg group, the separation of cell membrane from
ell wall and the outflow of cytoplasm were observed in the
g-5Ag and Mg-9Ag groups. Fig. 12 depicts the bacterio-

tatic activity of S. aureus and P. gingivalis cultured in Mg
lloy extracts, as detected using confocal laser scanning mi-
roscopy (CLSM). The control group shows a high intensity
f green fluorescence, indicating the formation of a bacte-
ial biofilm. In the pure Mg group, the green fluorescence
ntensity was significantly reduced. In contrast, only a small
umber of weak green fluorescent spots were observed in the
g-5Ag group, and almost no live bacteria were detected in

he Mg-9Ag group. Therefore, these results confirmed that
g-5Ag and Mg-9Ag can act as not only a structural barrier

ut also a defense against bacterial invasion. 

. Discussions 

The GTR/GBR membrane is a crucial intervention strat-
gy for reconstructing of periodontal tissues [32] . In fact, the
deal GTR/GBR membranes should not only possess suffi-
ient mechanical properties as physical barrier membranes
ut also exhibit exceptional antibacterial performance to effec-
ively prevent postoperative infections [33] . Recent researches
ut forward that Mg-Ag alloys had good antibacterial effects
34 , 35] . However, there is a lack of comprehensive under-
tanding regarding the mechanism by which Mg-Ag alloys
ct against bacteria, particularly their feasibility in combating
eriodontal pathogens. Furthermore, simultaneously balancing
he mechanical property and corrosion resistance of Mg al-
oys remains a significant challenge, as these two properties
re often mutually exclusive. 
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
Ag plays a solid solution strengthening role, and also is
n important age hardening element in Mg alloys [36] . Xiao
t al. [37] reported nanocrystalline Mg-Ag alloys obtained by
onventional cold rolling, which is attributed to the segrega-
ion of abundant Ag along the nanograin boundaries. Refer-
ing to the binary phase diagram of Mg-Ag, the solubility of
g in Mg diminishes as the temperature decreases, leading to
g precipitates at the interface. These studies align with our
bservation in Fig. 1 , where Ag elements were predominantly
ituated along the grain boundaries of Mg-5Ag alloy, thereby
ltering the stacking fault energy and c/a ratio, subsequently
nfluencing the dynamic recrystallization (DRX) during the
ot extrusion process. When the Ag content was further in-
reased to 9 wt.%, exceeding the maximum solubility of Ag
n the Mg matrix, a great number of Mg4 Ag second phases
recipitated at the grain boundaries. The oversaturated Ag
lays a crucial role in pinning crystal defects and hindering
ynamic recovery [38] . In addition, the formation of Mg4 Ag
econd phases further impede the growth of DRXed grains
hrough the particle-stimulated nucleation (PSN) effect [39] .
n a word, as the Ag content increases, the precipitation of
umerous second phases leads to the formation of larger and
ider recrystallization nuclei. It effectively refines the grains

nd contributes to the attenuation of the overall texture with
andom orientation. Consequently, the mechanical properties
f Mg-Ag alloys exhibit significant improvements compared
ith pure Mg. The tensile stress of commercially available
ioabsorbable Bio-Gide® membrane is reported to be 3.7
Pa [40] . However, the mechanical properties of Mg-Ag al-

oys surpass those of commercially available bioabsorbable
arrier membranes. The mechanical properties indicate that
g-Ag alloys exhibit enhanced resistance to external pressure

xerted by soft tissues during implantation, ensuring minimal
isk of collapse and higher safety levels. 

However, the addition of Ag is conventionally deemed
etrimental to the corrosion resistance of Mg alloys against
he inorganic solutions, especially when an excess of the sec-
nd phases is formed in Mg matrix [41] . It is reported that
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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ncreasing the Ag content of as-cast Mg-Ag alloys, the sec-
ndary dendrites remarkably increased inside the grains, and
he continuous β-Mg4 Ag phases were reticulated in Mg ma-
rix [34] . These β-Mg4 Ag phases are considered effective ca-
hodic sites for the hydrogen evolution reaction, leading to
ccelerated micro-galvanic corrosion. To limit the impact of
icro-galvanic corrosion, previous studies have focused on

nhancing the corrosion resistance of as-cast Mg-Ag alloys
y employing heat treatment to minimize the presence of sec-
ndary dendrites [42] . Although this approach has proven ef-
ective in enhancing the corrosion resistance of Mg-Ag alloys,
he incremental addition of Ag had a negligible impact on the
orrosion rate after heat treatment, significantly reducing an-
ibacterial performance. In this study, we utilized extrusion to
liminate the dendritic microstructure in the as-cast Mg-Ag
lloy. This process prevented the continuous distribution of
-Mg4 Ag phases, ultimately yielding a uniform microstruc-

ure with refined grains. When Mg-5Ag and Mg-9Ag were
mmersed in DMEM, the main corrosion products, Mg(OH)2 

nd MgO, were detected in Fig. 5 . Simultaneously, Fig. S2 in-
icates that the Ca/P atomic ratio of the corrosion products on
g-5Ag is less than 1. In the presence of phosphate, calcium

nd magnesium within the solution, a precipitation sequence
ccurred due to the differences in the solubility product con-
tant (Ksp ). Calcium phosphate precipitated first, followed by
he formation of magnesium phosphate [43] . Additionally, the
bundance of carbonate buffer in DMEM facilitated the for-
ation of magnesium carbonate. Ultimately, the development

f a denser protective film consisting of calcium phosphate,
agnesium phosphate, and magnesium carbonate aids in im-

eding pitting corrosion, thereby enhancing corrosion resis-
ance of Mg-Ag alloys in the long term. In addition, the cor-
osion product AgCl was detected on the surface of Mg-9Ag
Fig. S1). Consequently, the detected Ag+ ion concentration
n Mg-9Ag soaked in DMEM is lower than that in Mg-5Ag.
espite the slightly increased corrosion rate, the risk of pit-

ing corrosion diminishes, and all the Mg-Ag alloys exhibited
cceptable general corrosion compared to pure Mg. 

Two predominant perspectives emerge in the realm of an-
ibacterial strategies for Ag-containing alloys: the released
etal ions antibacterial strategy and the contact-killing an-

ibacterial strategy [44 , 45] . In contrast to the reported antibac-
erial effect of Ti-Ag alloys primarily controlled by the precip-
tation of Ti2 Ag for contact sterilization [46] , the precipitation
f second phases in Mg-Ag alloys minimally affects bacterial
dhesion. Tie et al. [34] found that all T4 treated as-cast Mg-
g alloys exhibited improved antibacterial activity compared
ith pure Mg, when co-cultured with two Staphylococcus

trains. The improved antibacterial effects, particularly evi-
ent with higher Ag content ( ∼6 wt.%), notably reduced the
umber of adherent bacteria (by up to 75%) and suppressed
acterial activity (by up to 79%). Given that the β-Mg4 Ag
hases of T4 treated Mg-Ag alloys were nearly dissolved into
he Mg matrix, we hypothesize that the antibacterial efficacy
f the Mg-Ag alloy primarily stems from the release of Ag+ 

acilitated by the corrosion of the alloy. In this study, Mg
lloy extracts were adapted to culture with P. gingivalis and
Please cite this article as: S. Ouyang, X. Wu, L. Meng et al., More than the bar
regeneration, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.202
. aureus to eliminate the influence of contact sterilization.
ombining TEM and CLSM images ( Figs. 11 and 12 ), it can
e observed that the bacterial membrane of the Mg group
hrank due to the alkalinity induced by OH− ions generated
uring corrosion. In contrast, the Mg-Ag groups demonstrate
uperior antibacterial effects, evident in cytoplasmic leakage
nd bacterial death. It suggests that the antibacterial effect is
nfluenced by the corrosion products of Mg-Ag groups, par-
icularly the released Ag+ ions and AgCl precipitates. When
he Mg-Ag alloy was immersed in DMEM, an electrode po-
ential difference between the Mg4 Ag second phases and the

g matrix triggered rapid corrosion of the adjacent Mg ma-
rix. This corrosion resulted in the detachment of the second
hases from the matrix, which were corroded to generate Ag+ 

nd Mg2 + ions. In addition, due to the significantly lower Ksp 

f AgCl compared to AgOH [47] , the Ag+ ions generated by
orrosion initially reacted with Cl− ions in DMEM, resulting
n the formation of AgCl, which precipitates on the surface
f Mg-Ag alloys. 

The AgCl precipitates directly act on the cell wall, mem-
rane proteins, and glycoproteins of bacteria, thereby disrupt-
ng normal metabolism and substance exchange [48] . Addi-
ionally, Ag+ ions penetrate the bacteria through ion channels
n the cell membrane, impacting physiological functions [49] .
he kinetics of released Ag+ ions and AgCl precipitates are
losely associated with the corrosion process. With increas-
ng Ag content, cathodic activation of the Mg-Ag alloy sig-
ificantly intensifies. This activation results from dissolving
g4 Ag second phases and subsequently forming AgCl par-

icles through redeposition, creating more efficient cathodes
ith increased surface area. AgCl redeposition, serving as

n effective cathode site for the hydrogen evolution reaction,
lays a crucial role in this autocatalytic process. Therefore,
he Mg-Ag alloys ensure a sustained release of Ag, establish-
ng a long-lasting antibacterial effect. 

Furthermore, Mg-Ag alloys demonstrate acceptable cyto-
ompatibility, promoting both cell migration and osteogene-
is. This phenomenon appears to be linked to the concentra-
ion of corrosion products from the Mg-Ag alloys. Abundant
eports have extensively explored the mechanisms through
hich Mg2 + ions, in conjunction with an alkaline environ-
ent, facilitate osteogenic differentiation [50–52] . It demon-

trates that a moderate quantity of Mg2 + ions can promote
he expression of osteogenesis-related genes via the canonical

nt signaling pathway [53] . Additionally, when the content
f Ag+ ions is at low levels, it exhibits no adverse effects on
he adhesion, proliferation, and differentiation of osteoblasts
29 , 54] . The results depicted in Fig. 9 b reveal that pure Mg
licits an impact on the osteogenic differentiation; however,
ts efficacy appears constrained, likely attributed to the con-
entration of released Mg2 + ions. Conversely, alloying with
g element not only facilitates the corrosion of Mg alloys to a

ertain extent but also regulates the release of Ag+ and Mg2 + 

ons by managing the Ag content. The synergistic release of
g+ and Mg2 + ions of Mg-Ag alloys exhibits the osteogenic
ifferentiation potential during the initial stage of osteogen-
sis. Furthermore, Zhao et al. [55] introduced co-doping of
rier effect: Biodegradable Mg-Ag alloy membranes for guided bone/tissue 
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g+ and Mg2 + ions into bioinert Ti, the coordinated release
f Ag+ and Mg2 + ions has been shown to boost the ex-
ression of osteogenesis-related genes, such as Runx2, ALP,
CN, and Col-I. Yang et al. [56] fabricated Mg(OH)2 /Ag2 O
anocomposites aimed at stimulating bone formation by facil-
tating the expression of OPG genes, which impede osteoclast
ifferentiation through the synchronized release of Mg2 + and
g+ ions. As a result, biodegradable Mg-Ag alloys, endowed
ith long-lasting antibacterial performance, improved cell mi-
ration and osteogenic differentiation, exhibit great potential
s effective GBR/GTR membranes for periodontal tissue re-
eneration. 

. Conclusion 

In this study, the feasibility of the newly developed Mg-
g alloys as potential GBR/GTR membranes was explored.
he mechanical stability, degradation behavior and biological
erformance of Mg-Ag alloys were investigated, and the main
onclusions can be drawn: 

(1) Compared with pure Mg, Mg-Ag alloys demonstrate su-
perior tensile strength, flexural strength, and improved
plasticity, which can be ascribed to the weaker basal
texture and finer grain structure. 

(2) Alloying with Ag, which accelerated the cathodic re-
action of Mg alloys, resulted in slightly elevated elec-
trochemical corrosion rates of Mg-Ag alloys compared
with pure Mg in DMEM. Nevertheless, Mg-Ag alloys
exhibited an acceptable general corrosion. 

(3) In vitro, the Mg-Ag alloys upregulated the expression of
osteogenesis-related genes (Col-I, ALP, OCN and OSX)
in rBMSCs and facilitated the migration of L929 cells,
demonstrating the potential to promote healing in peri-
odontal tissue. 

(4) The antibacterial effects of Mg-Ag alloys against P. gin-
givalis and S. aureus were primarily controlled by their
corrosion products, encompassing released Ag+ ions
and AgCl precipitates. 
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