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A B S T R A C T   

Magnesium (Mg) and its alloys have attracted attention as potential biodegradable materials in orthopedics due 
to their mechanical and physical properties, which are compatible with those of human bone. However, the 
effect of the mismatch between the rapid material degradation and fracture healing caused by the adverse effect 
of hydrogen (H2), which is generated during degradation, on surrounding bone tissue has severely restricted the 
application of Mg and its alloys. Thus, the development of new Mg alloys to achieve ideal degradation rates, H2 
evolution and mechanical properties is necessary. Herein, a novel Mg–1Zn–1Sn-xSr (x = 0, 0.2, 0.4, and 0.6 wt%) 
quaternary alloy was developed, and the microstructure, mechanical properties, corrosion behavior and 
biocompatibility in vitro/vivo were investigated. The results demonstrated that a minor amount of strontium (Sr) 
(0.2 wt %) enhanced the corrosion resistance and mechanical properties of Mg–1Zn–1Sn alloy through grain 
refinement and second phase strengthening. Simultaneously, due to the high hydrogen overpotential of tin (Sn), 
the H2 release of the alloys was significantly reduced. Furthermore, Sr-containing Mg–1Zn–1Sn-based alloys 
significantly enhanced the viability, adhesion and spreading of MC3T3-E1 cells in vitro due to their unique 
biological activity and the ability to spontaneously form a network structure layer with micro/nanotopography. 
A low corrosion rate and improved biocompatibility were also maintained in a rat subcutaneous implantation 
model. However, excessive Sr (>0.2 wt %) led to a microgalvanic reaction and accelerated corrosion and H2 
evolution. Considering the corrosion resistance, H2 evolution, mechanical properties and biocompatibility in 
vitro and in vivo, Mg–1Zn–1Sn-0.2Sr alloy has tremendous potential for clinical applications.   

1. Introduction 

Since the early 2000s, Mg-based biodegradable metals have devel-
oped rapidly and received widespread attention because of their 
appropriate mechanical properties, good biocompatibility, excellent 
osseointegration performance and unique biodegradability [1–4]. Mg 
alloys have physicochemical properties similar to those of traditional 
metal materials, such as excellent strength, plasticity and workability, 
which are appealing for orthopedic implant applications. Moreover, 

their density and elastic modulus are very close to those of human 
cortical bone [5], which are much better than those of traditional metal 
materials and can effectively eliminate/decrease the stress shielding 
effect and resulting osteoporosis [6]. In addition, their unique biode-
gradability allows secondary operations to be avoided and greatly eases 
the pain and financial burden of patients, making them excellent can-
didates for orthopedic implants [7]. In 2013, MAGNEZIX® (MgYReZr) 
screw fabricated by Syntellix AG (Germany) received the CE mark and 
became the first Class III medical device made of Mg alloy approved for 
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clinical use [8]. The first clinically proven Mg-based biodegradable stent 
received CE mark approval in 2016 [9]. However, due to the presence of 
rare earth (RE) metal elements, their long-term biosafty remains 
controversial. 

From a clinical viewpoint, the corrosion rate of ideal orthopedic Mg 
implants needs to be less than 0.5 mm year− 1, the strength must be 
higher than 200 MPa and the elongation should be greater than 10% [5]. 
It is critical for implants to maintain mechanical integrity for 90–180 
days [10,11] and release nontoxic species, such as hydroxide ions, 
hydrogen gas, and metal ions [10,12]. Other biological concerns, such as 
cell attachment, biocompatibility, and osteogenic activity, must also be 
considered. To date, a large number of Mg-based alloys have been 
developed. Binary Mg alloys with deeper research include Mg-Zn [13], 
Mg-Ca [14], Mg-Sr [15], Mg-Mn [13], Mg-Si [16], and ternary or 
multicomponent alloys developed on the basis of them. 

Our previous research found that Mg–Zn–Sn ternary alloys have 
great potential in the field of orthopedic implants due to their excellent 

mechanical properties, biocompatibility and low H2 evolution in vitro 
[17,18]; however, their corrosion resistance in vivo still needs to be 
improved. Sr is an essential trace element with unique chemical and 
biological properties: (1) Sr has excellent biological safety and can be 
absorbed and excreted by the human body [2]; (2) Appropriate amount 
of Sr can improve the corrosion resistance of Mg alloys by grain 
refinement [19]; (3) Sr can enhance mechanics of Mg alloys by solution 
strengthening effect [20]; (4) Sr can promote the proliferation of pre-
osteoblasts, osteoblast differentiation, type I collagen synthesis and bone 
matrix mineralization while inhibiting the differentiation and activation 
of osteoclasts [21]. Clinically, oral strontium salt (strontium ranelate) 
can increase bone mass, reduce the chance of fracture, and treat patients 
with osteoporosis [22]. An appropriate amount of Sr incorporated in Mg 
can effectively improve the mechanical strength, corrosion resistance, 
biocompatibility and antibacterial properties of Mg alloys [19,23,24]. 

In the present study, four Mg–1Zn–1Sn-xSr quaternary alloys (x = 0, 
0.2, 0.4, and 0.6 wt %) were prepared. This paper presents early insights 

Table 1 
Nominal and actual compositions of the Mg–Zn–Sn–Sr alloys (wt. %).  

Nominal composition Actual composition 

Zn Sn Sr Fe Si Ni Mg 

Mg–1Zn–1Sn 1.11 1.17 0 <0.01 <0.01 <0.001 Balance 
Mg–1Zn–1Sn-0.2Sr 1.10 1.14 0.13 <0.01 <0.01 <0.001 Balance 
Mg–1Zn–1Sn-0.4Sr 1.06 1.17 0.38 <0.01 <0.01 <0.001 Balance 
Mg–1Zn–1Sn-0.6Sr 1.11 1.05 0.51 <0.01 <0.01 <0.001 Balance  

Fig. 1. (A) Optical microstructure and SEM images of the as-cast and (B) as-extruded Mg–1Zn–1Sn-xSr alloys (x = 0, 0.2, 0.4, and 0.6 wt %) and corresponding EDS 
results. The red triangle indicates the second phase. 
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into the microstructure, mechanical properties, corrosion behavior, and 
in vitro/vivo biocompatibility of Mg–1Zn–1Sn-xSr alloys. 

2. Materials and methods 

2.1. Preparation of the Mg–1Zn–1Sn-xSr alloys 

High-purity Mg (99.98 wt %), high-purity Zn (99.99 wt %), high- 
purity Sn (99.99 wt %) and Mg-15 wt % Sr master alloys were used to 
prepare the Mg–1Zn–1Sn-xSr (x = 0, 0.2, 0.4 and 0.6 wt %) alloys. The 
alloys were smelted in an electric resistance furnace under the protec-
tion of an SF6 and CO2 gas (SF6: CO2 = 1 : 99) mixture in a graphite 
crucible to obtain the ingot casting. After homogenization treatment at 
500 ◦C for 6 h, the ingot casting was extruded at 280 ◦C with an 
extrusion ratio of 28 : 1 [25,26]. Subsequently, the as-extruded 
Mg–1Zn–1Sn-xSr ingots were cut into sheets, and commercial pure-Mg 
(p-Mg) was used as a reference. The as-extruded Mg–1Zn–1Sn-xSr 
sheets were cut into ϕ15 mm × 1 mm wafers and 5 mm × 5 mm × 1 mm 
squares for characterization, electrochemical tests, and in vitro/vivo 
experiments. All samples were polished with SiC abrasive paper up to 
1200 grit, ultrasonically cleaned for 15 min in separate baths of acetone 

and ethanol, individually weighed and sterilized with ethylene oxide. 

2.2. Microstructure analysis and mechanical testing 

The microstructures of the samples were examined using optical 
microscopy (OM, OLYMPUS, Japan) and scanning electron microscopy 
(SEM, Vega III LMH) equipped with energy dispersive X-ray spectros-
copy (EDS). Furthermore, the phases of the Mg–1Zn–1Sn-xSr alloys were 
detected by X-ray diffraction (XRD, Rigaku D/max/2500 PC, Japan) 
with CuKα radiation and a scanning speed of 5◦/min. The compositions 
of the alloys were determined by using inductively coupled plasma op-
tical emission spectrometry (ICP-OES, PerkinElmer, Optima 8000). The 
actual chemical compositions of the Mg–1Zn–1Sn-xSr alloys are listed in 
Table 1. 

According to the specifications of GB/T16865-2013, tensile speci-
mens with a gauge length of 25 mm and a diameter of 6 mm were tested 
on a tensile testing machine (CTM-5106, China) in air at a cross head 
speed of 2 mm/min at room temperature. 

2.3. Electrochemical test 

Potentiodynamic polarization (PDP) and electrochemical impedance 
spectroscopy (EIS) tests were carried out on an electrochemical work-
station (CHI600C, China) in Hank’s balanced salt solution (HBSS) 
(Table S1). Specific details pertaining to the preparation of the working 
electrode are given elsewhere [27]. Briefly, polished Mg–1Zn–1Sn-xSr 
samples embedded in epoxy resin to expose only a 1 cm2 area surface 
were used as the working electrode. Platinum foil was used as the 
counter electrode, and a saturated calomel electrode was used as a 
reference. Before the potentiodynamic polarization test, the sample was 
immersed in HBSS (37.0 ± 0.1 ◦C) for 1200 s and reached the stability of 
the open-circuit potential. Afterwards, a PDP curve was generated at a 
scanning rate of 1 mV s− 1 for all the measurements. The corrosion po-
tential (Ecorr), corrosion current density (icorr) and polarization resis-
tance (Rp) were calculated according to Tafel extrapolation. The EIS 
tests were carried out using a 10 mV root-mean-square perturbation 
from 100 kHz to 100 mHz. The EIS results were fitted via ZView 
software. 

2.4. Immersion testing 

The samples were immersed in HBSS at 37 ± 1 ◦C for 7 days. Ac-
cording to ASTM-G31-72 [28], the ratio of the sample surface area to the 
volume of HBSS was 20 ml/cm2. The pH value during immersion was 
monitored by a pH meter (PHS–3C). For the H2 evolution test, the ratio 

Fig. 2. (A)XRD, (B) YS, UTS and elongation values of the as-extruded Mg–1Zn–1Sn-xSr alloys.  

Table 2 
Mechanical properties of the as-extruded alloys with different Sr additions.  

Materials Alloy 
state 

Mechanical properties refs. 

Ultimate 
tensile 
strength 
(MPa) 

Yield 
strength 
(MPa) 

Elongation 
(%) 

Cortical bone  35–283 105–114 1.07–2.00 [36] 
Cancellous 

bone  
1.5–38 – – [36] 

Mg–1Zn–1Sn As- 
extruded 

229 ± 1 151 ± 1 9.0 ± 0.9 present 
study 

Mg–1Zn–1Sn- 
0.2Sr 

As- 
extruded 

245 ± 8 168 ± 8 9.0 ± 0.4 present 
study 

Mg–1Zn–1Sn- 
0.4Sr 

As- 
extruded 

246 ± 2 179 ± 3 9.0 ± 0.5 present 
study 

Mg–1Zn–1Sn- 
0.6Sr 

As- 
extruded 

268 ± 6 178 ± 5 8.0 ± 0.7 present 
study 

Mg–1Zn–1Mn- 
xSr 

As- 
extruded 

~280 ~241 ~18 [34] 

Mg-3.2Zn- 
0.3Sr 

As- 
extruded 

278 ± 5 187 ± 4 19 [35] 

Mg–1Zn-xSr As- 
extruded 

~249 ~130 ~12 [33]  
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of surface area to solution volume was 150 ml/cm2 [20]. The surface 
topographies of the alloys after immersion were observed by SEM. The 
surface chemistry was characterized by XRD, EDS and X-ray photo-
electron spectroscopy(XPS, Thermo Fisher, USA). The mass loss was also 
measured after removing the corrosion products in chromic acid. Then, 
the mass loss data were converted to a corrosion rate using the following 
equation:  

CR =KW/ADT [28,29]                                                                          

where the constant K is 8.76 × 104, W is the mass loss (g), A is the surface 
area exposed to solution (cm2), D is the density of the material (g/cm3) 
and T is the immersion time (h). At least three samples were tested in 
each group. 

2.5. In vitro cell testing 

2.5.1. Preparation of the extraction 
The extraction was prepared according to a reference [30]. Briefly, 

samples were immersed in Dulbecco’s modified Eagle’s medium 
(DMEM, HyClone, USA) supplemented with 10% (v/v) fetal bovine 
serum (FBS, Gibco, USA) for 72 h under standard cell culture conditions 
(37 ◦C, 5% CO2, and 95% humidity) with a ratio of sample mass to 
medium volume of 0.2 g/ml. 

2.5.2. Cell culture 
The murine calvarial preosteoblasts (MC3T3-E1) were devoted to 

cytocompatibility evaluations of all samples. To more closely mimic in 
vivo conditions where the circulatory system regularly removes soluble 
degradation products from the local implantation site, incubation in-
tervals were set to 24 h. 

2.5.3. Cell viability and cytotoxicity evaluation 
A cell counting kit-8 (CCK-8) assay was adopted to evaluate the cell 

viability. Specifically, cells at a density of 1 × 104 cells/well were 
cultured in a 96-well plate for 24 h. Next, the medium was replaced with 
the extracts, with normal culture medium as the negative control. After 
incubating for 24, 48, and 72 h, 20 μl of CCK-8 assay reagent was added 
into each well and incubated for 1 h. Then, the absorbance was 
measured by a microplate spectrophotometer (Thermo Scientific, USA) 
at a wavelength of 450 nm. 

The live/dead cell assay was performed according to the protocol 
from the manufacturer (BestBio, China). In brief, cells were stained with 
200 μl of a 1:10000 dilution of calcein-AM solution for 30 min and 200 μl 
of a 1:5000 dilution of PI solution for 5 min. Finally, after examination 
by fluorescence microscopy (Zeiss, Germany), the viable cells combined 
with calcein-AM were stained green, whereas dead cells combined with 
PI were stained red. 

2.5.4. Cell apoptosis and cycle 
To further evaluate the effect of extracts on cell apoptosis and cell 

cycle progression [2], the cells were treated with the extracts for 48 h, 
washed three times with phosphate buffered saline (PBS), centrifuged, 
and fixed with precooled 75% ethanol at 4 ◦C for 24 h. Then, the cells 
were resuspended in a mixture containing 100 μL of PBS and 200 μL of 
propidium iodide (PI) solution and protected from light for 20 min. 
Detection was performed by flow cytometry (CytoFLEX, 
Beckman-Coulter, USA). To detect apoptosis, the cells were stained with 
FITC-Annexin V and PI (BD, USA) according to the protocol from the 
manufacturer and analyzed by flow cytometry (CytoFLEX, 
Beckman-Coulter, USA) [31]. 

Fig. 3. (A) Potentiodynamic polarization curves of the Mg–1Zn–1Sn-xSr alloys in HBSS, (B) Nyquist plot, (C) |z|-logf plot and θ-logf plot of EIS spectrum of the 
Mg–1Zn–1Sn-xSr alloys, (D) H2 evolution, (E) changes of pH value and (F) corrosion rate of the Mg–1Zn–1Sn-xSr alloys in HBSS at 37 ◦C for 7 days. 

Table 3 
Electrochemical parameters of the Mg–1Zn–1Sn-xSr alloys obtained from po-
larization tests.  

Sample Ecorr 

(V) 
Icorr (μA. 
cm− 2) 

Ept 

(V) 
RP (Ω. 
cm2) 

Rt (Ω. 
cm2) 

CR 
(mm/ 
a) 

Mg–1Zn–1Sn − 1.59 7.36 − 1.31 4647.54 1224 0.24 
Mg–1Zn–1Sn- 

0.2Sr 
− 1.55 6.55 − 1.25 5619.02 1304 0.18 

Mg–1Zn–1Sn- 
0.4Sr 

− 1.56 12.24 − 1.21 3546.91 1018 0.31 

Mg–1Zn–1Sn- 
0.6Sr 

− 1.48 15.74 – 1675.34 540 0.39  
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Fig. 4. (A) Surface topographies (scale bar =
200 μm), element distributions, and morphol-
ogies of corrosion products on the cross section 
(scale bar = 50 μm) of Mg–1Zn–1Sn-xSr alloys 
after 5 days of immersion in HBSS. Insets in (A) 
were taken at 2000 original magnification with 
scale bar = 10 μm for all images. (B) SEM-EDS 
composite image of cross-sectional morphol-
ogies of Mg–1Zn–1Sn-0.6Sr alloy immersed for 5 
days in HBSS at 37 ◦C; scale bar = 20 μm. (C) 
XRD patterns of Mg–1Zn–1Sn-xSr alloys 
immersed for 5 days in HBSS. XPS surface anal-
ysis of survey and detailed Sn3d of (D) 
Mg–1Zn–1Sn and (E) Mg–1Zn–1Sn-0.2Sr alloys 
after 3 h immersion.   
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2.5.5. Cell adhesion and morphology 
The adhesion and morphologies of the actin cytoskeleton of cells 

cocultured with samples after 24, 48 and 72 h were observed by confocal 
laser scanning microscopy (CLSM). Briefly, cells were washed with PBS, 
fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton 
X-100. Nuclei were stained with 4′,6-diamidino-2-phenylindole dilac-
tate (DAPI; Invitrogen), and F-actins were stained with Actin-Tracker 
Green (Beyotime Biotechnology, Shanghai, China). Images of cells on 
the glass and surface of samples were observed and captured by using 
CLSM (Zeiss, Germany). 

The spread of cells on the surface of samples was examined by SEM. 
In brief, the samples were immersed in 2.5% glutaraldehyde for 15 min 
at room temperature. Next, samples were dehydrated in graded ethanol 
(10, 30, 50, 70, 90, and 100% ethanol sequentially; 10 min each) and 
then immersed in graded tertiary butanol (50, 70, 90, 95, 100 and 100% 
tertiary butanol sequentially; 5 min each). Finally, after air-drying and 
gold sputtering, the morphologies of the attached cells were observed by 
SEM (Zeiss, Germany). 

2.5.6. In vitro degradation of Mg–1Zn–1Sn-xSr alloys in DMEM 
The in vitro degradation of the Mg–1Zn–1Sn-xSr alloys and p-Mg 

after 24, 48 and 72 h of culture was evaluated through measurements of 
the pH and ionic concentrations of the collected media, and H2 evolution 
in the media was also observed. The pH of the medium was measured 
immediately after collection as well as the concentrations of metal ions 
including Mg, Zn, Sn and Sr. 

2.6. In vivo animal studies 

2.6.1. Animal model and experimental design 
All animal experiments were approved by the Animal Care and 

Experiment Committee of the First Affiliated Hospital of Chongqing 
Medical University and the Animal Ethics Committee of the First 

Affiliated Hospital of Chongqing Medical University (No: 20187801). 
Twelve Sprague-Dawley (SD) rats (12 weeks old) were randomly 
assigned to four groups (control, 7-day, 15-day and 30-day groups, n =
3). All rats were generally anesthetized with pentobarbital sodium (30 
mg/kg) by intraperitoneal injection. Four independent incisions parallel 
to the spine in a longitudinal row on both sides of the spine were made 
on the back of each rat [32]. One sample was implanted in a subcu-
taneous pocket through one incision. Each rat carried two parallel 
samples. The control group only made skin incisions without implanting 
samples. 

2.6.2. Blood testing 
One milliliter of blood was collected from each rat before and at 3, 7, 

15 and 30 days after implantation. The hematological parameters, 
including aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), creatinine (CREA), blood urea nitrogen (BUN) and serum mag-
nesium ion concentration, were measured using a hematological auto-
analyzer (IDEXX Catalyst One, USA). 

2.6.3. Histological evaluations postsurgery 
Rats were sacrificed on the 7th, 15th and 30th days after implanta-

tion, subcutaneous tissues containing samples and vital organs were 
harvested. Next, the subcutaneous tissues and vital organs (such as the 
heart, liver, spleen and kidney) were fixed in 4% paraformaldehyde and 
dehydrated before being embedded in paraffin. Histological sections 
were stained with hematoxylin-eosin (H&E). Images were obtained by 
OM (Zeiss, Germany). A chromic acid solution (200 g of CrO3 and 10 g of 
AgNO3 per liter of water) was used to clean the samples, and the mass 
loss was measured by an electronic balance (AUW120D, Japan). The 
changes in the surface topography were characterized by an optical 
camera. 

Fig. 5. (A,B) Cell apoptosis and (C,D) cycle results after coculture with p-Mg, Mg–1Zn–1Sn-xSr alloy extracts and DMEM control for 48 h. (E) Cell viability of MC3T3- 
E1 after coculture with p-Mg, Mg–1Zn–1Sn-xSr alloy extracts and DMEM control for 24, 48 and 72 h. Values are the mean ± SD, n = 3. *p < 0.05, and **p < 0.01. 
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2.7. Statistical analyses 

All continuous data are presented as the mean ± standard deviation, 
and the statistical significance of differences between groups was 
determined by using a single factor one-way analysis of variance 
(ANOVA) post hoc test where p < 0.05 was considered statistically 
significant. The statistical analyses were performed with SPSS software 
(Version 17.0). 

3. Results 

3.1. Microstructure and mechanical properties 

Fig. 1 displays the OM and SEM images of the as-cast and as-extruded 
Mg–1Zn–1Sn-xSr alloys. The grain size gradually decreased in the as- 
cast Mg–1Zn–1Sn-xSr alloys as the content of Sr increased, and the 
0.4Sr and 0.6Sr alloys showed typical dendritic structures and segre-
gated eutectic characteristics. Some point-like second phases 

Fig. 6. Live/dead staining of MC3T3-E1 cells after coculture with p-Mg, Mg–1Zn–1Sn-xSr alloy extracts and DMEM control for 24, 48 and 72 h; scale bar = 200 μm 
for all images. 
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precipitated in the grains. The results showed that the addition of a 
minor amount of Sr had a remarkable refinement effect on the micro-
structure of the as-cast alloys [19,31]. Compared with that for the 
as-cast alloys, the as-extruded alloys had a finer microstructure. The 
SEM images of the as-cast and as-extruded alloys show that the second 
phase (white particles) distributed in the matrix increased randomly 
with increasing Sr content. To determine the composition of the second 
phase, EDS was used to analyze the four marked points (A, B, C, and D) 

in the as-extruded alloys and it was confirmed that the Sr was success-
fully incorporated into the Mg–1Zn–1Sn-based system. 

Fig. 2 shows the corresponding XRD patterns and mechanical results 
of the as-extruded Mg–1Zn–1Sn-xSr alloys. The mechanical properties of 
certain Sr-containing alloys [33–35] and natural bone [36] are sum-
marized in Table 2. Only peaks corresponding to α-Mg phase were found 
in the XRD patterns for 0Sr, 0.2Sr and 0.4Sr alloys probably due to the 
low volume fractions of the second phase. The Mg17Sr2 peaks could only 

Fig. 7. (A) Fluorescence images of MC3T3-E1 adhered to the surface of the Mg–1Zn–1Sn-xSr alloys (x = 0, 0.2, 0.4, and 0.6 wt %), p-Mg control and glass reference 
after coculture for 24, 48 and 72 h. Blue indicates nuclei, and green indicates F-actin (cytoskeleton). The scale bar = 100 μm for all images. (B) Cell adhesion density 
on the sample surface. (C) Average F-actin area of MC3T3-E1 cells on the sample surface. (D) Mg, Zn, Sn and Sr ion concentrations, respectively, in culture medium 
incubated with the samples during a 72 h period. (E) pH values of culture medium incubated with samples during a 72 h period. Values are the mean ± SD, n = 3. *p 
< 0.05, **p < 0.01 and ***p < 0.001. 
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be detected in the 0.6Sr alloy. The ultimate tensile strength (UTS) and 
yield strength (YS) of the as-extruded Mg–1Zn–1Sn-xSr alloys increased 
gradually with increasing Sr content from 0 to 0.6 wt %. When the 
content of Sr increased from 0 to 0.4 wt %, the fracture elongation (Ef) of 
the alloys was in the range from 9 ± 0.9–9 ± 0.4% and had no obvious 
downward trend. However, when the content of Sr increased to 0.6 wt 
%, the Ef was significantly reduced to 8%. After immersing all samples in 
HBSS for 20 days, the mechanical properties of 0.2Sr lost 20%, while 
0.6Sr lost up to 50% (Fig. S1 and Table S2). 

3.2. Corrosion behavior 

The polarization curves and EIS results are presented in Fig. 3A, B 
and C, and the data are exhibited in Table 3. The Ecorr gradually in-
creases with increasing Sr content, the 0Sr, 0.2Sr and 0.4Sr alloys 
exhibited lower icorr and higher Rp values than the 0.6Sr alloys. When 

the Sr content was less than 0.4 wt %, the polarization curves had similar 
characteristics; in particular, there was a breakdown potential (Ept) near 
the potential of − 1.2 V for the three alloys, which indicates that a pro-
tective film formed on the alloy surface, but when the Sr content was 0.6 
wt %, a breakdown potential did not exist. The 0.2Sr alloy had the 
largest loop in the Nyquist plots, demonstrating a corrosion resistance 
that was superior to that of the other alloys. Moreover, 0.6Sr exhibited 
the smallest loop, indicating its poor corrosion resistance. The equiva-
lent circuit for Mg–1Zn–1Sn-xSr alloys was shown in Fig. S2. Rt is the 
charge transfer resistance, which refers to the impedance of the corro-
sion reaction and the fitted results were shown in Table 3. The EIS results 
agreed with the potentiodynamic polarization findings. 

Fig. 3D and E shows the H2 evolution and variation in pH values. As 
expected, 0.6Sr showed the fastest release of H2 and maximum pH 
change, followed by 0.4Sr, 0Sr, and 0.2Sr. The pH changed sharply 
during the initial stage and stabilized after 40 h of immersion. The 

Fig. 8. (A) SEM images of Mg–1Zn–1Sn-xSr alloys and p-Mg surfaces before contact with the medium. (B) Morphology of MC3T3-E1 cells adhered to the surface of 
Mg–1Zn–1Sn-xSr alloys and p-Mg after coculture for 24 h. White triangle indicates cells, red triangle indicates degradation products. 

Fig. 9. The H2 evolution of p-Mg and Mg–1Zn–1Sn-xSr alloys immersed in HBSS solution and cocultured with the MC3T3-E1 cells for 48 h. The scale bar = 200 μm. 
The dotted boxes were taken at 100 times the original magnification with a scale bar = 100 μm. The red arrow indicates H2 bubbles. 
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amount of H2 released accumulates over time, and the H2 evolution rate 
of 0.6Sr, 0.4Sr and 0Sr increased, while that for 0.2Sr remained rela-
tively low (the H2 evolution rate on day 7 was as low as 0.08 ml/cm2/d). 
Fig. 3F shows the result of the corrosion rate calculated according to the 
weight loss, and 0.2Sr had the best corrosion resistance (0.55 ± 0.08 
mm/y); the order of the corrosion rate was 0.6Sr > 0.4Sr > 0Sr > 0.2Sr. 

Fig. 4A shows the surface topographies and elemental compositions 
of the Mg–1Zn–1Sn-xSr alloys and p-Mg, as well as the topographies on 
the cross section observed by SEM. The corrosion product on the surface 
of the p-Mg had an uneven thickness and was in the form of crystal 
clusters. The corrosion product layer on the surface of the Mg–1Zn–1Sn- 
xSr alloys was uniform and dense with deposited white clusters/parti-
cles, and the corrosion products gradually increased with increasing Sr 
content. On the cross section, p-Mg showed typical characteristics of 
pitting corrosion. The Mg–1Zn–1Sn-xSr samples exhibited a uniform 
corrosion layer, which was considered to be the result of a change in the 
corrosion mechanism. Despite similar local corrosion topographies, 
0.2Sr had much shallower corrosion beneath the surface. The visible 
cracks and holes in the corrosion products of the 0.4Sr and 0.6Sr alloys 
indicated the possibility for penetration of Cl− and other ions. The EDS 
results of the corrosion products mainly demonstrated the presence of 
oxygen, magnesium, phosphorous and calcium, as shown in Fig. 4A and 
B. The XRD patterns shown in Fig. 4C revealed that the corrosion 
products of the Mg–Zn–Sn-xSr alloys were mainly composed of Mg 
(OH)2.. With increasing Sr content, the diffraction peak intensity of the 
corrosion products gradually increased, indicating that the alloy 
degraded faster during the immersion process. Moreover, the XPS results 
confirmed the existence of SnO/SnO2 on the surface of the 0Sr and 0.2Sr 
samples after immersion in HBSS for 3 h, both of which were reported to 
not only take part in protective film formation but also improve the 
corrosion resistance of the substrate [37]. However, the SnO/SnO2 
peaks were significantly weaker on the 0.4Sr and 0.6Sr samples 
(Fig. S3). 

3.3. In vitro cytotoxicity and viability evaluations 

The viability of MC3T3-E1 cells cultured in extracts is shown in 
Fig. 5E. All Sr-containing Mg–1Zn–1Sn-based alloys exhibited good 

cytocompatibility and even promoted cell proliferation. Among them, 
the 0.2Sr alloy had the strongest ability to promote cell proliferation, 
which may be related to its best corrosion resistance. According to ISO 
10993-5, the cytotoxicity of Mg–1Zn–1Sn-xSr alloys should be Grade 
0 or Grade 1. The cell apoptosis and cycle results are shown in Fig. 5A,B 
and 5(C,D). Compared with that of the control group, the proportion of 
S-phase cells in the p-Mg and Mg–1Zn–1Sn-xSr alloys increased, and the 
proportion of S-phase cells of 0.2Sr reached 27.30%, which is signifi-
cantly higher than that of the control group (19.50%). This indicates 
that the Mg–1Zn–1Sn-0.2Sr alloy had a proliferation-promoting effect 
on cells. Simultaneously, the apoptosis test also confirmed that the 
Mg–1Zn–1Sn-xSr alloys did not cause cell apoptosis. 

Fig. 6 shows the live/dead staining images of MCET3-E1 cells 
cocultured with extracts for 24, 48 and 72 h. At 24 h, live cells were 
noticed in all groups, and few dead cells were also found. With the 
extension of the culture time, the number of cells gradually increased. 
When time extended to 72 h, a large number of live cells in all 
Mg–1Zn–1Sn-xSr groups almost filled the entire field of view, while dead 
cells were hard to find. The live/dead cell assay results confirmed the 
excellent cytocompatibility of the Mg–1Zn–1Sn-xSr alloys. 

3.4. MC3T3-E1 cells in direct culture with Mg–1Zn–1Sn-xSr alloys 

Fluorescence images from the 24, 48, and 72 h direct cultures on the 
surfaces of the Mg–1Zn–1Sn-xSr alloys, p-Mg, and glass reference are 
shown in Fig. 7A, and the quantitatively analyzed cell adhesion density 
and F-actin area are shown in Fig. 7B and C, respectively. Attached cells 
were observed on all substrates studied throughout the 72 h period. The 
cell adhesion densities on 0Sr, 0.2Sr, 0.4Sr and 0.6Sr were comparable 
to the glass reference during the first 24 h, while that for p-Mg was 
significantly lower. At 48 and 72 h, the 0.2Sr group had a significantly 
higher cell adhesion density than the other groups. 

The ion concentrations of the Mg–1Zn–1Sn-xSr alloys, p-Mg, glass 
reference and DMEM blank control for all incubation time points are 
summarized in Fig. 7D. At 24, 48 and 72 h, there were higher Mg ion 
concentrations in the media of the p-Mg and Mg–1Zn–1Sn-xSr alloys 
compared with those of the glass reference and DMEM blank control. 
The Mg ion concentration from high to low was ranked as p-Mg>0.6Sr 

Fig. 10. (A) Corrosion topographies, (B) mass loss, (C) mass loss ratio and (D) corrosion rate of the Mg–1Zn–1Sn-xSr alloys after subcutaneous implantation for 7, 15, 
and 30 days. Values are the mean ± SD, n = 4. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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> 0.4Sr > 0Sr > 0.2Sr. In addition, significantly higher Zn and Sn ion 
concentrations were observed in the media of the 0Sr, 0.2Sr, 0.4Sr, and 
0.6Sr samples than those for the glass reference, DMEM blank control 
and p-Mg at all time points. However, compared with those for 0Sr, 
0.4Sr and 0.6Sr, the concentrations of Zn and Sn ions in 0.2Sr were al-
ways relatively low. Moreover, the Sr ion concentrations in the media of 
0.2Sr, 0.4Sr and 0.6Sr were higher than those in the glass reference, 
DMEM blank control, p-Mg and 0Sr, which was proportional to the 
weight percentage of Sr in the alloy. 

The pH values of the collected media at 24, 48, and 72 h are sum-
marized in Fig. 7E. The p-Mg (8.11 ± 0.66) and 0.6Sr (8.10 ± 0.08) had 
the most dramatic pH changes during the first 24 h, and 0Sr (8.06 ±
0.04), 0.2Sr (8.03 ± 0.04), and 0.4Sr (8.04 ± 0.03) had relatively mild 
changes compared with those of the glass reference (7.92 ± 0.02) and 
DMEM blank control (7.95 ± 0.03). The overall trend of the pH value of 
each group at 48 and 72 h was consistent with that at 24 h. The pH for 
the glass reference media at all incubation intervals was slightly more 
acidic than that for the DMEM blank control due to cell metabolism. 

The surface topographies of Mg–1Zn–1Sn-xSr alloys (x = 0, 0.2, 0.4, 
and 0.6 wt %) and p-Mg before contact with the media was observed by 

SEM, as shown in Fig. 8A. Obvious scratches and a small amount of 
particle-like debris were seen on the surfaces of all samples, which were 
induced by the polishing of SiC abrasive paper. The cell-substrate in-
teractions were also closely inspected via SEM (Fig. 8B). The cells on p- 
Mg showed a round shape with limited spreading, strand-like cells were 
detected on 0Sr samples, while slightly more cord-like cells with few 
pseudopods were detected on 0.2Sr, 0.4Sr and 0.6Sr samples. Notably, 
cells on 0.2Sr and 0.4Sr displayed much larger areas and better 
morphology than the other groups. Interestingly, a network structure 
layer with micro/nanotopography was formed on the surface of the 
0.2Sr, 0.4Sr and 0.6Sr samples which may have great contribution to the 
adhesion and spreading of cells, but no similar structure was observed 
on the p-Mg and 0Sr samples. 

Mg–1Zn–1Sn-xSr alloys were immersed in HBSS solution or cocul-
tured with MC3T3-E1 cells to determine their H2 evolution speed. We 
found that the 0.2Sr alloy results the least H2 production after 48 h of 
immersion (Fig. 9). The H2 evolution changed rapidly during the first 
hour, and then slowed down. After 3 h of immersion, the H2 evolution 
rate decreased significantly, especially for the 0Sr and 0.2Sr samples 
(Fig. S4 and Supplemental Video 1). The 0.2Sr has the least amount of H2 

Fig. 11. Levels of the main serum biochemical indicators of liver and kidney function before and after implantation. (A) ALT, (B) AST, (C) CREA, (D) BUN and (E) 
serum magnesium. 
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evolution. This result confirmed that adding a proper amount of Sr to the 
Mg–1Zn–1Sn system can further reduce the release of H2. 

3.5. In vivo evaluation 

The in vivo anti-corrosion properties of the Mg–1Zn–1Sn-xSr alloys 
were determined by subcutaneous implantation. Fig. 10A shows the 
topographies of 0Sr, 0.2Sr, 0.4Sr and 0.6Sr samples after subcutaneous 
implantation. The degradation increased over time in all samples. 
Compared to that for 0.4Sr and 0.6Sr, the corrosion of 0Sr and 0.2Sr was 
slightly milder at 7 and 15 days. After 7 days of implantation, corrosion 
marks could be seen on the surface of the 0Sr and 0.2Sr samples, while 
more obvious corrosion pits were formed at the edges of the 0.4Sr and 
0.6Sr samples. After 15 and 30 days of implantation, the area of corro-
sion pits further expanded on the surface of the 0.4Sr and 0.6Sr samples, 
obvious cracks appeared on the surface of 0Sr. No severe corrosion signs 
were observed on the 0.2Sr sample indicating its excellent corrosion 
resistance in vivo. Fig. 10B, C and D shows the mass loss, mass loss ratio 
and corrosion rate. In the first 7 days, the corrosion rates of 
Mg–1Zn–1Sn-xSr calculated by mass loss were 0.63 ± 0.05, 0.44 ± 0.02, 
0.89 ± 0.05 and 0.93 ± 0.04 mm/y, which were very close to the 
corrosion rates estimated by HBSS immersion. With prolonged time, the 
mass loss of 0.4Sr and 0.6Sr was significantly increased, while the 0.2Sr 
remained at obviously lower levels than those of 0Sr, 0.4Sr and 0.6Sr. At 
30 days, the corrosion rates of the Mg–1Zn–1Sn-xSr alloy reached 0.75 
± 0.04, 0.53 ± 0.03, 1.25 ± 0.07 and 1.35 ± 0.11 mm/y, respectively. 
The corrosion rate of 0.2Sr is still at a relatively low level. 

The degradation products from the Mg–1Zn–1Sn-xSr alloys were 
inevitably released and entered the bloodstream. Therefore, the serum 
biochemical indices closely related to liver and kidney function and 
serum magnesium concentration were monitored, and the results are 
shown in Fig. 11. All SD rats had liver and kidney function indicators 
within the normal reference range at all observation time points. 
Additionally, the serum magnesium concentration increased slightly on 
the 3rd day after implantation, but quickly returned to normal at day 7. 
These results reveal that the metal ions or particles produced by 
degradation did not affect liver and kidney function, and the biological 
safety of Mg–1Zn–1Sn-xSr alloys is reliable. 

The general observations of the subcutaneous tissues around the 
implanted samples are shown in Fig. 12. All implants degraded in vivo 
and produced H2, which accumulated within the subcutaneous tissue 
and formed bubbles. According to the sizes of bubbles, 0.2Sr produced 

the least amount of H2 at all time points. H&E staining of subcutaneous 
tissue is shown in Fig. 13. At the early stage of implantation, all samples 
caused local tissue inflammation, which gradually eased over time. The 
subcutaneous tissue attached to the 0.4Sr samples showed a thick 
fibrous layer, and the 0.6Sr samples sometimes showed more inflam-
matory cell infiltration in the fibrous layer. The 0.2Sr group presented 
milder inflammatory reactions and a thinner fibrous layer than the other 
three groups, suggesting that the 0.2Sr group possessed the best histo-
compatibility in vivo. 

The histological response of organs is the gold standard for evalu-
ating the systemic influence of biodegradable biomaterials during their 
metabolism and excretion in vivo. The H&E staining of vital organs is 
shown in Fig. 14. After 7, 15 and 30 days of implantation, no obvious 
pathological changes occurred in important organ tissues. 

4. Discussion 

The present study was designed to investigate the influence of the 
incorporation of a minor amount of Sr into the Mg–1Zn–1Sn-based 
system. As confirmed by our systemic analysis, by incorporating 0.2 wt 
% of Sr into the system, the in vitro/vivo corrosion resistance was 
significantly improved. Simultaneously, the mechanical properties, H2 
evolution, cytocompatibility and histocompatibility were also greatly 
optimized. 

4.1. Microstructure, mechanical properties and corrosion behavior 

The as-cast Mg–1Zn–1Sr-xSr alloys exhibited a typical dendrite 
structure that is characteristic of divorced eutectics. The average grain 
size decreased with Sr addition up to 0.6 wt %, which is consistent with a 
previous study [19]. The reasons can be ascribed to the following two 
aspects. First, the addition of a minor amount of Sr increases the 
supercooling degree in front of the solid-liquid interface, which can 
increase the crystal nuclei of the primary α-Mg phase. Second, the solid 
solubility of Sr in Mg is 0.11 wt %, with the Sr addition higher than 0.11 
wt%, the redundant Sr would be enriched at the solid/liquid interface 
and thus form the Sr adsorbed film, which may damage the surface of 
crystal grains or change the direction of crystal grain growth and inhibit 
the growth of grains. Therefore, the grain growth slows down and the 
grains are refined. Interestingly, the average grain size of all as-extruded 
Mg–1Zn–1Sr-xSr alloys was approximately 20 μm, and the gradual in-
crease in Sr content did not have a significant refinement effect on the 
as-extruded alloys, this may be due to the obvious coarsening of the 
alloy structure after the homogenization heat treatment, and the final 
refined grains were attributed to the refinement of the structure by hot 
extrusion. Different sizes and dot-like crystal grain second phases existed 
in the alloy and had a nonuniform microstructure, which may be caused 
by incomplete dynamic recrystallization during hot extrusion [38,39]. 
In this study, most of the added Zn and Sn dissolved into the alloy matrix 
due to their low content and high solid solubility in Mg, and the second 
phase was difficult to detect with XRD. Only a small amount of Mg17Sr2 
and MgZn phases were detected in 0.6Sr alloy, which was consistent 
with previous studies [15,40–43]. 

The improved strength was mainly derived from the second phase 
strengthening and the morphology of the eutectic structures. Due to the 
low solid solubility of Sr in Mg, the second phase containing Sr readily 
precipitated at the grain boundaries during solidification, and the net- 
like second phases acted as a skeleton during the transmission and dis-
tribution of stresses. After hot extrusion, the broken second-phase par-
ticles were evenly distributed in the matrix, as shown in Fig. 1. During 
plastic deformation, the second-phase particles pinned dislocations, 
which obstructed the movement of the dislocations, thereby improving 
the mechanical strength by providing dispersion strengthening [44,45]. 
Additionally, the solution strengthening effect can also be caused by the 
minor amount of Sr [34]. However, the superabundance of Sr to form 
more Mg17Sr2 secondary phases significantly deteriorated the plasticity 

Fig. 12. General observation of Mg–1Zn–1Sn-xSr alloys after subcutaneous 
implantation for 7, 15, and 30 days. Red triangles indicate H2 bubbles. 
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of the alloy. The mechanical properties obtained in this study match well 
with human bone tissue. 

From the perspective of material characterization, grain refinement 
is an important factor that has been shown to contribute to the 
improvement of corrosion resistance. On the one hand, the Sr addition 
brings about the grain refinement of the Mg–1Zn–1Sn alloy. On the other 
hand, the Sr addition leads to the higher volume fraction of in-
termetallics, which leads to the micro galvanic coupling and is detri-
mental to corrosion resistance. When the corrosion-blocking effect of the 
second phase at the grain boundary is less than the accelerated corrosion 
effect associated with the micro-galvanic cells, the corrosion resistance 
of the alloy will be reduced. Therefore, the 0.4Sr and 0.6Sr alloys exhibit 
the inferior corrosion resistance to the 0.2Sr alloy. 

From an electrochemical point of view, it was easy to form a rela-
tively complete protective film on the alloy surface when the Ecorr was 
low; however, the protective film was destroyed, and the anode icorr 
increased significantly when the Ecorr reached the breakdown value. 
Adding a proper amount of Sr (≤0.2 wt %) can increase the Ecorr of the 
matrix and decrease the icorr to enhance the corrosion resistance. 
However, an excessive amount of Sr results in the formation of addi-
tional high-potential second phases, which increases the probability of 

galvanic corrosion and deteriorates the corrosion resistance. This may 
be the reason why there was no breakdown potential in 0.6Sr. 

Sn also plays an important role in enhancing the corrosion resistance 
of the alloy. According to the Pourbaix E-pH diagram of Sn–H2O [45], 
SnH4 might form first, which was reported to react with water to form 
SnO2(Eq. (1)) [46].  

SnH4 + 2H2O → SnO2+ 3H2                                                            (1) 

The protective layer composed of Mg(OH)2 and Sn oxide (SnO/SnO2) 
was more efficient barrier against corrosion than Mg(OH)2 [47], and the 
greater amount of SnO2 integrated in the surface offers stronger pro-
tection against corrosion [48]. This illustrates well the reason why 0Sr 
and 0.2Sr alloys possess better corrosion performance than 0.4Sr and 
0.6Sr. In addition, Sn had a higher H2 overpotential than the Mg matrix 
[37,49]. When the matrix corroded, the metallic Sn was spontaneously 
enriched on the surface of the matrix to act as a cathode, which can 
effectively capture the H atom than the matrix and inhibit the H2 evo-
lution rate [50]. It has been pointed out that controlling the H2 evolution 
rate is also an effective solution to improve the corrosion resistance of 
Mg-based alloys [51,52]. 

Fig. 13. Photomicrographs of subcutaneous tissue sections of Mg–1Zn–1Sn-xSr alloys after subcutaneous implantation for 7, 15 and 30 days. The scale bar = 200 μm. 
The dotted boxes were taken at 200 times the original magnification with a scale bar = 50 μm. The red arrow indicates leukocytes. 
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4.2. In vitro cytocompatibility evolution 

Regarding the selection of alloying elements, biological safety is the 
primary consideration, and corrosion products need to be nontoxic and 
able to be absorbed by surrounding tissues or excreted via the kidney. 
Our in vitro studies demonstrated that Mg–1Zn–1Sn-xSr alloys had 
excellent cytocompatibility. In particular, the cell viability was signifi-
cantly increased due to the incorporation of Sr, which is consistent with 
previous studies [22,34,53]. Cell adhesion on the surface of the material 
is a prerequisite for cell growth, migration and differentiation [54]. In 
the present study, MC3T3-E1 cells had satisfactory adhesion and pro-
liferation on the surfaces of Mg–1Zn–1Sn-xSr, as shown in Figs. 7 and 8. 
This may be attributed to the following reasons. First, all alloying ele-
ments selected are essential nutrients for the human body, and the sol-
ubilized Mg, Zn, Sn and Sr ions in the medium were far below the 
therapeutic daily dosages reported in the literature [55,56]. Second, the 
solid-dissolved Sn element in the Mg-matrix had a significant inhibitory 
effect on the H2 evolution, which reduced the interference of H2 evo-
lution on cell adhesion and proliferation [18,57]. Simultaneously, a 
protective layer composed of Mg(OH)2 and Sn oxide (SnO/SnO2) could 
be formed on the sample surface in a short time (Figure S5A,B and C), 
which results in a greater enhancement of corrosion performance [47]. 
Moreover, the incorporation of Sr not only improved the corrosion 
resistance but also increased the proliferation of preosteogenic cells 
[57]. 

In particular, a network structure layer with micro/nanotopography 
can spontaneously formed on the surface of 0.2Sr, 0.4Sr and 0.6Sr after 
1 h of immersion in DMEM medium, and gradually takes shape within 6 
h (Fig. S5D). The aforementioned phenomena was also observed in HBSS 
solution (Fig. S5E). However, no similar structure was observed on the 

0Sr sample. These results suggested that the Sr microalloyed into the 
Mg–1Zn–1Sn system may play a crucial role in the formation of this 
layer. Coincidentally, Geng et al. [58] fabricated Sr-containing coatings 
with a sheet-like or needle-like structure via electrochemical deposition 
on the surface of titanium-based alloys, which is similar to our findings. 
In summary, Sn ions inhibiting H2 evolution，Sr ions enhancing cell 
viability and the network structure layer spontaneously formed on the 
surface of materials may play key roles in promoting cell adhesion, 
proliferation and spreading. 

4.3. In vivo corrosion resistance and histocompatibility 

The in vivo corrosive environment is different from the in vitro 
environment [59,60]. A subcutaneous implantation animal model was 
used to further verify the corrosion resistance and histocompatibility of 
the Mg–1Zn–1Sn-xSr alloys. As shown in Fig. 10, all samples underwent 
different degrees of degradation over time. Seven days after implanta-
tion, there was no significant difference in the degree of corrosion and 
mass loss in each group. This may be because Mg–1Zn–1Sn-xSr alloys 
themselves have excellent corrosion resistance and the protective effect 
of the mixed Mg(OH)2 and Sn oxide (SnO/SnO2) layer. With an exten-
sion of the time, the protective film was gradually destroyed, and 
corrosion differences between Mg–1Zn–1Sn-xSr alloys gradually 
appeared. When the Sr content was 0.2 wt %, the corrosion-blocking 
effect of the second phase at the grain boundaries was greater than 
the accelerated corrosion effect associated with the microgalvanic cells 
[61]. This relationship was destroyed when the Sr content exceeded 0.2 
wt %, the reaction of the microgalvanic cell increased and the corrosion 
resistance deteriorated. The degradation rate in vivo was on the order of 
0.2Sr < 0Sr < 0.4Sr < 0.6Sr, which was consistent with the results in 

Fig. 14. H&E staining of heart, liver, spleen and kidney organs after implantation of Mg–1Zn–1Sn-xSr alloys for 7, 15 and 30 day. The scale bar = 200 μm.  
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vitro. 
Although studies have reported that the degradation rate of Mg–Zn- 

based alloys in vivo is relatively fast [62,63], and the resulting H2 
accumulation affects surrounding tissues when used as orthopedic im-
plants [42] or influences the effectiveness of implants by precipitating at 
the implant-tissue interface [64]. However, in the present study, we 
were surprised to find that there was no obvious H2 cavity formation 
around the 0.2Sr samples at all observation time points, only a few 
bubbles were seen at 15 days. It was reported that the adsorption of H2 
from subcutaneous gas pockets in rats was limited by the diffusion co-
efficient of H2 in the tissue [65]. Song [66] reported that a H2 release 
rate of 0.01 mL cm2 per day can be tolerated by the body without 
causing damage. Thus, we infer that the H2 evolution rate of 0.2Sr in 
vivo approaches or reaches 0.01 mL cm2 per day. Witte et al. [67] 
demonstrated significantly higher corrosion rates at the subcutaneous 
implantation site than the corrosion rate in bone. Therefore, we specu-
late that the amount of H2 evolution of 0.2Sr in the bone will be further 
reduced, which is worthy of further study. 

The blood biochemical results showed that there are no obvious 
abnormalities in ALT, AST, CREA, BUN and Mg ions, Furthermore, 
histological examination also confirmed that no significant metal ion 
deposition (Fig. S6) or obvious pathological changes occurred in vital 
organs. The H&E staining results of subcutaneous tissue showed that the 
0.2Sr possessed the best histocompatibility in vivo, which may have 
resulted from the minimal corrosive products and no obvious effect on 
the chemical balance in the local biological environment [68]. Although 
the inflammatory response in other groups was slightly more severe than 
in the 0.2Sr group, there was no significant difference compared with 
the inflammatory response of Ti–6Al–4V subcutaneous implantation 
reported by L. Elkaiam et al. [69]. These results demonstrated that 
Mg–1Zn–1Sn-xSr alloys had excellent biocompatibility in vivo. 

5. Conclusion 

In this study, to explore the feasibility of Mg–1Zn–1Sn-xSr (x = 0, 
0.2, 0.4, and 0.6 wt%) alloys as biodegradable materials, their corrosion, 
mechanical properties, H2 evolution and biocompatibility in vitro/vivo 
were systematically investigated. The main findings are as follows:  

1. A minor amount of Sr (≤0.2 wt %) enhanced the corrosion resistance 
of Mg–1Zn–1Sn-based alloy through grain refinement, increasing 
corrosion potential and decreasing corrosion current density, while 
an excessive amount of Sr (>0.2 wt %) deteriorated the corrosion 
resistance. The mechanical strength gradually increased with 
increasing Sr content, which is comparable to those of natural 
cortical bone.  

2. In vitro experiments demonstrated that Mg–1Zn–1Sn-0.2Sr has 
extremely low H2 evolution rate, excellent cytocompatibility and 
biological activity. More importantly, we discovered and reported 
for the first time that Sr-containing Mg–1Zn–1Sn-based alloys had 
the ability to spontaneously form a network structure layer with 
micro/nanotopography, which was conducive to cell proliferation, 
adhesion and spreading.  

3. In vivo assessments confirmed that all Mg–1Zn–1Sn-xSr alloys 
exhibited excellent biosafety and good histocompatibility. Pre-
liminary results indicated that the Mg–1Zn–1Sn-0.2Sr alloy had the 
best corrosion resistance (0.53 mm/y) and the least H2 evolution. 
This alloy stood out as a promising candidate to be further studied for 
orthopedic implant applications. 
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