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Abstract

Most of the magnesium (Mg) alloys possess excellent biocompatibility, mechanical property and 

biodegradability in orthopedic applications. However, these alloys may suffer from bacterial 

infections due to their insufficient antibacterial capability. In order to reduce the post-surgical 

infections, a series of biocompatible Mg–1Ca-0.5Sr-xZn (x=0, 2, 4, 6) alloys were fabricated with 

the addition of antibacterial Zn with variable content and evaluated in terms of their 

biocompatibility and antibacterial property. The in vitro corrosion study showed that 

Mg-1Ca-0.5Sr-6Zn alloys exhibited a higher hydrogen evolution volume after 100 h immersion 

and resulted in a higher pH value of the immersion solution. Our work indicated that Zn-

containing Mg alloys exhibited good biocompatibility with high cell viability. The antibacterial 

studies reveal that the number of bacteria adhered on all of these Mg alloy samples diminished 

remarkably compared to the Ti-6Al-4V control group. We also found that the proliferation of the 

bacteria was inhibited by these Mg alloys extracts. Among the prepared alloys, Mg-1Ca-0.5Sr-6Zn 

alloy not only exhibited a strong antibacterial effect, but also promoted the proliferation of 
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MC3T3-E1 osteoblasts, suggesting that it is a promising alloy with both good antibacterial 

property and good biocompatibility for use as an orthopedic implant.

1. Introduction

Nowadays, the implantation of the implants into the desired place may lead to bacterial 

infections on the material surface or along the bone/material interface despite total 

disinfection prior to the surgeries.1–4 These infections were often caused by bacteria 

adherence.2, 5 After the bacterial proliferation periods, the infections associated with the 

implants can hardly be cured by traditional systemic antibiotic therapy due to the formation 

of biofilms1. The biofilms can also protect the bacteria against human defense system2. It 

was reported that the infection rate in orthopedic and trauma surgeries for open fracture 

could be up to about 1% and 12–53%, respectively.2 Implant infections also leads to implant 

failure, a secondary surgery, osteomyelitis, member amputation, or even death.1, 6–8 

Although sterile operation and antibiotics were adopted in clinic situations, post-surgical 

infections are still one of the intractable problems.9, 10 Hence, there is a pressing need in the 

development of biocompatible implants with antibacterial property.

Mg is one of the most reactive metals and, thus, susceptible to rapid dissolution, especially 

in chloride-containing aqueous solutions.11 Therefore, Mg and its alloys can degrade 

gradually in the body fluid environment after bone healing procedure, which can eliminate 

the need for a second operation for implant removal.12 The biodegradability of Mg and its 

alloys can also eliminate the complications associated with the long-standing presence of 

implants in the body and the impact on computed tomography (CT) as well as other imaging 

examinations. Furthermore, Mg alloys have high specific strength and a modulus that is 

comparable with that of human natural bones, thereby the Mg and its alloys would reduce 

the risk of stress shielding effect in orthopedic applications12. Additionally, as an essential 

metal element, Mg is rich in the human body and the degradation products from Mg are 

expected to be nontoxic to the surrounding tissue, due to the homeostatic control 

mechanisms.13 Once these materials degrade within the body, the degradation products are 

able to be metabolized and absorbed by the body.14, 15

However, Mg usually exhibits a fast degradation rate before bone healing, which can lead to 

premature loss of the mechanical integrity and excess hydrogen evolution of the implant, 

resulting in the failure of the implantation12. Fortunately, the degradation behavior of Mg 

can be tailored by the alloying elements.16–19

Calcium (Ca) is one of the most abundant metal elements in human body, and is also the 

major component of human bones.20 Meanwhile, Ca can increase the corrosion resistance of 

pure Mg.17 It is reported that strontium (Sr) has the potential to stimulate bone formation21 

and Sr ranelate has shown to be effective for treating osteoporosis by increasing bone 

mineral density and bone strength.22–24 Furthermore, it has been verified that adding small 

amount of Ca and Sr into Mg-based alloys can improve the mechanical properties of pure 

Mg by grain refinement mechanism.25, 26 Berglund et al27 further found that low amounts of 

alloying elements enhanced the corrosion resistance properties, with an optimal composition 

of 1 wt. % Ca and 0.5 wt.% Sr. The ternary alloy exhibited a higher compressive strength 
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than that of binary Mg-Ca alloys with similar Ca contents, and also showed negligible 

toxicity.

On the other hand, multifunctional biodegradable metals are in great need for biomedical 

applications. It is known that Zinc (Zn) is an essential mineral component for hundreds of 

biological enzymes and transcription factors and is widely associated with the normal 

function or structure of more than 300 proteins.28, 29 Moreover, many studies30–35 

demonstrated that Zn exhibits antibacterial effect on Staphylococcus aureus (S. aureus). 

Thus, the addition of Zn in the Mg-Ca-Sr based alloys may produce a biomaterial with 

antibacterial property.

Herein, in this study, we want to combine the antibacterial property of Zn with the ternary 

Mg alloys (Mg-1.0Ca-0.5Sr) and fabricate the quaternary Mg-1Ca-0.5Sr-(2, 4, 6 wt.%)Zn 

alloys, while the Mg-1Ca-0.5Sr and Ti-6Al-4V alloys were selected as control. S. aureus 

was selected to conduct the in vitro antibacterial assays. The cytotoxicity of the alloys were 

also evaluated in vitro by indirect MTT assays. The antibacterial property coupled with 

biodegradability of the prepared Mg-Ca-Sr-Zn alloys would provide a new type of 

multifunctional orthopedic biomaterials.

2. Materials and methods

2.1 Preparation of magnesium alloys

Mg-Ca-Sr-Zn alloy with a nominal composition of 1 wt. % Ca, 0.5 wt.% Sr, and variable Zn 

(0, 2, 4, or 6 wt.%) were prepared from commercial pure Mg (99.9%), Ca (99.8%), Sr 

(99.9%) and Zn (99.9%). The raw Mg ingots were melt in a high purity graphite crucible 

under the protection of a high purity Ar (99.99%) atmosphere at about 670 °C. After the 

addition of the alloy elements, the temperature of the melts was increased to 720°C. After 

being held for about 40 min, the melts were poured into a steel mold preheated to 250°C. 

During the whole melting procedure, mechanical stirring was applied. The as-cast ingots of 

Mg-Ca-Sr-Zn alloys were solid solution treated at 340°C for about 4 h, followed by 

quenching in water. Finally the alloy samples were hot extruded at the temperature about 

320°C with an extrusion speed of 2 mm/min. The disk sample with a diameter of 12 mm and 

a height of 2 mm were cut from the extruded ingots. Subsequently, the disk samples were 

abraded with up to 2000-grit SiC water paper and ultrasonically cleaned in acetone, absolute 

ethyl alcohol and deionized water for about 10min, respectively.

2.2 Microstructure characterization

X-ray diffraction analysis was applied to identify the phase composition of the alloys. For 

microstructure analysis, the polished alloys samples were chemically etched with a 4 vol.% 

nitric acid solution. The etched samples were then observed by scanning electron 

microscopy (SEM, Hitachi S-4800) equipped with energy dispersive spectrometry (EDS).

2.3 Immersion tests

Immersion tests were carried out in the Hank’s solution with an area/volume ratio of 1 

cm2/20 ml for about 10 days and the temperature was kept at 37 °C using water bath. During 
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the whole immersion periods, the pH value of the immersion solution was detected everyday 

using a pH meter (Sartorius, PB-10). After the indicated immersion periods, all the alloy 

samples were carried out of the solution and washed with distilled water for 3 times and then 

air dried. The surface morphology and the composition of the corrosion products on the 

sample surfaces were characterized by SEM (Hitachi S-4800).

2.4 Hydrogen evolution tests

A self-made set was used to determine the hydrogen evolution of the alloys in Hank’s 

solution. Briefly, three alloy samples were soaked in the beaker containing Hank’s solution 

with an area/volume ration of 1 cm2/40 ml. The solution was kept at 37°C with water bath. 

A reversed funnel was placed over the samples, and then an acid burette filled with Hank’s 

solution was mounted over the funnel to collect the hydrogen released from the sample 

surface. The hydrogen evolution volume was detected and the hydrogen evolution rate was 

calculated according to a reported method.36

2.5 Magnesium alloys extracts preparation

The extracts of Mg-Ca-Sr-Zn alloys for the antibacterial assays were prepared as follows. 

Before the immersion procedure, all the alloy samples were sterilized in 70% ethanol for 30 

min and rinsed with a 0.85% NaCl solution. Then the alloy samples were immersed in 

phosphate buffered saline (PBS) solution with an extraction ratio of 1.25 cm2/ml and 

incubated at 37°C in a humidified atmosphere of 5% CO2 for 72 h, and then the extracts 

were centrifuged at 3000 rpm for 5 min to remove the alloys particulates, the supernatants 

were then collected and stored at 4°C prior to the experiments. Finally, the ion concentration 

of Mg, Ca Sr and Zn in the extracts were detected by Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES). The pH value and osmolality of the extracts were 

measured with pH meter (Sartorius, PB-10) and Micro-Sample Osmometer (Fiske 210), 

respectively. Three replicates were measured for each extract. α-MEM extracts for 

cytotoxicity tests were prepared in a similar way by changing the PBS solution into α-MEM 

medium.

2.6 Antibacterial properties

2.6.1 Bacterial culture—As one of the most common bacteria that cause orthopedic 

implants infections,37 S. aureus (ATCC 25922) was used as a model bacterium to determine 

the antibacterial property of the alloys in vitro. S. aureus was aerobically cultured in a 37°C 

shaker incubator at 220 rpm for 16 h in 5 mL of Luria–Bertani (LB) medium containing 10 

g/L peptone, 10 g/L NaCl, and 5.0 g/L beef extract. The density of the bacteria cultured in 

the medium was quantified by absorption spectroscopy at the wavelength about 600 nm 

(OD600) after performing colony counts on different concentration bacterial suspensions. 

OD600 was converted to colony forming units (CFU) as follows: OD600 =0.1 contained 

~108 CFU. Serial dilution of the bacteria was performed in LB medium to achieve a final 

bacterial cell suspension of 1 × 106 and 1 × 107 CFU/ml, respectively.

2.6.2 Indirect bactericidal assay—For each test, 100 μl bacterial suspension and 100 μl 

alloys extracts were added to 800 μl PBS. The control wells contained only 100 μl bacterial 

suspension and 900μl PBS without the addition of alloy extracts. Microplates were then 

He et al. Page 4

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2016 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incubated aerobically at 37 °C in a humidified atmosphere with 5% CO2 in an incubator for 

24 h. Then, aliquots of 100 μl were plated in duplicate on the agar plates. CFU were 

determined on the plates after incubation for another 24 h. The assays were carried out in 

duplicate.

In order to determine the antibacterial potency of Mg alloys with different extract time, alloy 

extracts were prepared by immersing the alloys in PBS for 1, 6, 12, 24, 48, 72 and 96 h with 

an area/volume ration of 1.25 cm2/ml. Antibacterial curves of the alloys extracts were 

obtained by incubating 1 ml bacterial suspension with the extracts, which were extracted at 

the indicated time, for 24 h at a bacterial concentration of 106 CFU/ml. Then, viable bacteria 

were quantified by plating 100 μl of diluted aliquots in duplicate on the agar plates. CFU 

were determined on the plates after incubation for 24 h at 37 °C in a humidified atmosphere 

with 5% CO2. The assays were carried out in duplicate.

2.6.3 Direct bactericidal assay—To evaluate the direct antibacterial property of the 

alloys, 1 ml of the bacterial suspension at a concentration of 107 CFU/ml was added to each 

experimental sample in 24-well plates. Then the plates were incubated at 37 °C in a 

humidified atmosphere with 5% CO2 for 4 h. After the incubation procedure, the samples 

were gently rinsed three times with PBS in order to eliminate the non-adherent bacteria and 

then transferred to new tubes containing 5 ml of PBS. The samples in the tubes were then 

sonicated for 5 min in a 40 W ultrasonic bath at a nominal frequency of 43,000 Hz followed 

by vortexing for thirty seconds to remove the adherent bacteria into the PBS solutions. The 

viable organisms in the PBS buffers were quantified by plating serial dilutions on the LB 

broth agar plates. The plates were incubated for 24 h at 37 °C in a humidified atmosphere 

with 5% CO2, and the colony-forming units were counted with naked eyes.

To further evaluate the impact of alloys on S. aureus viability, live/dead staining assay was 

applied. Briefly, 1 ml of the bacterial suspension with a concentration of 107 CFU/ml S. 

aureus was added to each experimental sample in 24-well plates and then incubated at 37 °C 

for 30 min. The suspended and non-adhered bacteria were then gently removed by rinsing in 

a PBS solution. Subsequently, a LIVE/DEAD BacLight Viability Kit (Invitrogen) was used 

to stain the bacteria. Images of the bacteria were obtained with a fluorescence microscope 

(Olympus, Bx51) with a green filter (excitation/emission, 420–480nm/520–580 nm) and a 

red filter (excitation/emission, 480–550 nm/590–800 nm).

2.6.4 Bacterial Adhesion assay—To evaluate the anti-adherence property of the alloys, 

1 ml of the bacterial suspension with a concentration of 107 CFU/ml S. aureus was added to 

each experimental sample in 24 well plates at 37 °C. After incubated for 4 h, the samples 

were taken out of the culture mediums and fixed with 3% glutaredehyde for 5 h. Then, the 

fixed alloy samples were rinsed in PBS three times, and each were 10 min. All the samples 

were then dehydrated sequentially in a series of ethanol water mixture (50%, 70%, 95% and 

100%) for 10 min each, the dehydration process in 100% ethanol was repeated twice. 

Finally, the surfaces were air dried in a fume hood. The adhesion and spreading of the 

bacterial on Mg alloys and Ti-6Al-4V (control) samples were observed by SEM.
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For DAPI staining, after incubated with the alloys samples for 30, 60 and 90 min, S. aureus 

was counterstained with DAPI (Roche, Germany). These immunostained bacteria were 

visualized under the fluorescent microscope (Olympus, Bx51) and the number of adhesion 

bacteria was counted in five random fields.

2.7 Proliferation and cytotoxicity tests

2.7.1 Cell culture—MC3T3-E1 pre-osteoblastic cells were adopted to evaluate the 

proliferation and cytotoxicity of the Mg alloys. The cells were cultured at 37°C in a 

humidified atmosphere of 5% CO2 in 25-cm2 tissue culture flasks. The cell culture medium 

used was modified Eagle’s minimum essential medium (a-MEM, Hyclone, USA) with 4.5 

g/l glucose, 10% fetal calf serum (Hyclone), 10 μg/ml ascorbic acid, 50 U/ml penicillin, and 

50 U/ml streptomycin.

2.7.2 Cell viability assay—Cell proliferation testing was carried out with indirect extract 

assay. The cells were cultured in a 96-well tissue culture plate at a density of 2×104 cells/ml 

for 1 day to allow attachment. The medium was then replaced by 100 μl of extracts 

supplemented with 10% FBS. During the culture periods, the culture media were changed 

every two days. After incubated for 2, 4 and 6 days, the extracts were withdrawn and 200 μl 

of (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each 

well. After incubation for 4 h, 150 μl dimethyl sulfoxide (DMSO) was added. Optical 

density (OD) values from the cells in the wells were measured at 490 nm by a microplate 

reader (Biocell-2010, Austria ). Data are presented as the mean ± standard deviation.

For the Live/Dead staining, the cells were cultured on a 24-well tissue culture plate at a 

density of 2×104 cells/ml for 1 day to allow attachment. The medium was then replaced by 

500 μl of extracts supplemented with 10% FBS. The culture media were replaced every two 

days. After incubated in 24-well plate at 37°C in a humidified atmosphere with 5% CO2 for 

6 days, the suspended and non-adhered cells were then washed out by PBS solution. 

Subsequently, Live/Dead staining was applied according to the manufacturer’s protocol 

(Sigma, USA). Briefly, 0.9 μl calcien AM and 3 μl ethidium homodimer-1 solutions were 

dissolved in 3 ml PBS, then 100 μl of the mixture PBS were added in each well of the 24-

well plates for 30min. Then a fluorescence microscope (Eclipse Ti-S, Nikon, Düsseldorf, 

Germany) was utilized to observe and calculate the viability of tested cells. Viable cells 

show a green fluorescence through the reaction of the acetomethoxy derivate of calcein with 

intracellular esterase, whereas non-viable cells showed red fluorescence due to the diffusion 

of ethidium homodimer across damaged cell membranes and binding with nucleic acids.

2.8 Statistical analysis

The average values and standard deviation were calculated from the numerical data and 

plotted. Statistical analysis was conducted using the standard analysis of variance method 

and post-hoc analysis with the Bonferroni correction. Statistical significance was considered 

at p<0.05.
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3. Results

3.1 Microstructure and phase composition

X-ray diffraction patterns of the alloys were shown in Figure 1. It indicates that the 

investigated alloys possess different phase compositions. In the ternary alloy, only Mg2Ca 

secondary phase is detected. With the addition of different amounts of Zn, other secondary 

phases, including CaZn3, Ca2Mg5Zn13 and Ca2Mg6Zn3, are formed. The diffraction peaks 

of Ca2Mg6Zn3 phase are increasing with the further addition of Zn in the alloys.

The microstructures of the alloys observed by SEM were illustrated in Figure 2. The SEM 

images exhibit a typical metallographic microstructural feature. As we can see from Figure 

2, the Mg-1Ca-0.5Sr ternary alloys exhibit larger grain size when compared with Zn 

containing alloys. The secondary phases in the alloys were mainly distributed along the 

grain boundaries. The Mg-1Ca-0.5Sr alloy exhibited coarser grain boundaries. In the Zn 

containing quaternary alloys, some round particles (indicated by the black arrows) were 

present in the grains. With more Zn contents in the alloys, more deposited secondary phases 

could be found. Figure 3 shows the chemical compositions of the secondary phases 

indicated by the black arrows in Figure 1 and detected by EDS analysis. Oxygen derived 

from the oxidation reaction during polishing and etching process was detected in all the 

alloys samples. The atomic percentage of the alloying elements such as Ca, Sr and Zn was 

increased with the increment of Zn contents.

3.2 Corrosion behavior of the alloys

The morphology of alloys after immersed in Hank’s solution for 10 days is exhibited in 

Figure 4. All the samples are covered with a layer of corrosion products and corrosion 

cracks can be seen on the surface due to the dehydration procedure. The congregation of 

local corrosion products can be seen in the inset image of Zn containing alloys (Figure 

4b,c,d). Local corrosion pit can be seen in the inset image of Mg-1Ca-0.5Sr alloys (Figure 

4a). The EDS spectra were taken from the corrosion products indicated by the black arrows 

in Figure 4 after the materials were immersed in Hank’s solution for 10 days. The results 

were depicted in Figure 5. Figure 5 shows that the majority of the corrosion products were 

composed of O and Ca elements. The alloying elements Sr and Zn, along with O, C, P 

elements were also detected. Zn and Sr in the corrosion products had significantly lower 

contents than Ca, indicating that only small amounts of Zn and Sr compounds were 

deposited on the sample surfaces. The EDS results suggested that the corrosion products 

were mainly carbonates, phosphates or oxides.

3.3 Hydrogen evolution rate and pH value of the immersion solution

The hydrogen evolution rate curves are depicted in Figure 6a. The Mg-1Ca-0.5Sr alloy 

exhibited a higher hydrogen release rate in the first 100 h. While for the Zn containing 

alloys, the hydrogen evolution rate was increased with the increasing immersion periods. 

However, the hydrogen evolution rate of Mg-1Ca-0.5Sr-4Zn alloy was lower than that of 

Mg-1Ca-0.5Sr alloy during the whole immersion periods. Moreover, for the quaternary 

alloys, the hydrogen evolution rate was increased during the immersion periods. 

Mg-1C-0.5Sr alloys suffered a faster degradation rate in the initial immersion periods. All 
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the pH values of the samples solution increased with the increasing immersion time (Figure 

6b). After 5 days’ immersion, the pH value of the samples with Zn addition became steady, 

while the pH value of Mg-1Ca-0.5Sr alloy solution kept increasing during the whole 

immersion periods. With the addition of Zn in the alloy, the pH value was a little higher than 

the Mg-1Ca-0.5Sr alloy.

3.4 The osmolality, pH value and ion concentration of the extracts

Figure 7 shows the osmolality and pH value detect from the extracts media. The pH value of 

all the extracts exhibited only a little fluctuation within 7.0 ±1.0 and there was no significant 

differences between the Ti-6Al-4V group and the Zn-containing group. Nevertheless, 

significant difference between Mg-1Ca-0.5Sr group and the Ti-6Al-4V control group was 

observed (Figure 7). The osmolality value of all the Mg alloy extracts did not show any 

significant difference in comparison to the Ti-6Al-4V control group.

The change in the ion concentration of the PBS extracts is illustrated in Figure 8. It shows 

higher Mg ion concentration in Zn containing alloys than in Mg-1Ca-0.5Sr group. The Zn 

ion concentration was different for different alloy groups with about 0.05±0.01 μg/ml for 

Mg-1Ca-0.5Sr-2Zn, 0.48±0.15 μg/ml for Mg-1Ca-0.5Sr-4Zn and 0.89±0.08 μg/ml for 

Mg-1Ca-0.5Sr-6Zn. The concentration of the Ca ion in the extracts were quite similar 

among all the groups. While for the Sr ions, the Mg-1Ca-0.5Sr-4Zn alloys exhibited a much 

higher Sr ion concentration than other groups.

3.5 Indirect bactericidal assays

In order to figure out whether the Mg alloys extracts possessed antibacterial effect or not, 

bacteria were incubated for 24 h in PBS extracts of experimental alloy samples. After 

incubation, the number of viable bacteria for all extracts from the Mg alloys samples 

decreased compared with that of the Ti-6Al-4V control group (Figure 9). The Zn containing 

alloys could achieve a killing rate of approximately 90%. However, in contrast, the number 

of CFUs for Mg-1Ca-0.5Sr alloy exhibited a reduction only about 28% when compared with 

Ti-6Al-4V control group. The inhibitory effects of all the materials on the bacterial were in 

such an order as 

Mg-1Ca-0.5Sr-6Zn<Mg-1Ca-0.5Sr-4Zn<Mg-1Ca-0.5Sr-2Zn≪Mg-1Ca-0.5Sr<Ti-6Al-4V 

control group. The tendency of the increased antibacterial activity with increasing Zn 

contents in alloys was observed and Mg-1Ca-0.5Sr-6Zn was identified as most potent 

antibacterial material.

3.6 Antibacterial curves

Indirect antibacterial assay suggested that all the Mg alloys extracts extracted for 72 h had 

antibacterial or even bactericidal activity. Then we conducted another test to evaluate the 

antibacterial property of the extracts derived from the alloys under different extraction time. 

Antibacterial curves for the S. aureus inoculated in Ti-6Al-4V control group or in Mg alloys 

groups are depicted in Figure 10. Compared to the Ti-6Al-4V control group, all the Mg alloy 

exhibited a slight inhibition effect on the bacterial growth after 6h extract. But there is no 

significant differences among the Mg alloys groups before 48 h extraction was observed. 

With further increasing the extraction time to 72h and 96h, the viable bacteria for the Zn-
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containing alloys exhibited a sharp drop to the level where no viable bacteria could be seen 

on the plates. However, the viable bacteria of Mg-1Ca-0.5Sr group remained constant during 

the whole incubation periods. For the Zn containing quaternary alloys, the number of viable 

bacteria on the plates decreased with the increment of the Zn content in the alloys.

3.7 Direct bactericidal assay

In order to analyze the direct antibacterial effect of Mg alloys with different Zn content, the 

number of bacteria on the alloys was evaluated. The amount of adhered bacteria on all the 

alloy samples are illustrated in Figure 11. It can be seen that the average values for viable 

bacteria adhered on Mg alloys were all obviously lower than the control groups 

(Ti-6Al-4V). The killing rate of the Mg-1Ca-0.5Sr-4Zn and Mg-1Ca-0.5Sr-6Zn was higher 

than 96.6%. It was interesting to note that Mg-1Ca-0.5Sr-2Zn exhibited a relative lower 

killing rate of 76.9%, and meanwhile, Mg-1Ca-0.5Sr also exhibited a strong antibacterial 

effect with a killing rate higher than 90%, which was much higher than Mg-1Ca-0.5Sr-2Zn 

alloy (Figure 11f).

3.8 Bacterial Adhesion assay

The vitality of bacteria adhered on the alloy samples surfaces observed by fluorescent 

microscopy is displayed in Figure 12. Live bacteria were stained in green, whereas dead 

bacteria manifested in red. The Ti-6Al-4V alloy surface is covered with a layer of live 

bacteria. The results suggest that the number of live bacteria on Mg alloy samples is 

remarkably lower than that on Ti-6Al-4V control group. In addition, large number of dead 

bacteria can be seen on Mg alloy samples.

The fluorescent images of the bacterial cells stained with DAPI are shown in Figure 13 and 

the adhered bacteria number counted in five random fields is illustrated in Figure 14. From 

the Figure 13, we can find that all the alloy samples showed similar bacteria adhesion on the 

surfaces after 30 min of culture. When the incubation time increased to 60 min, the bacteria 

adhered on the alloys surfaces exhibited a decline tendency in comparison to that at 30 min 

(Figure 14). However, the number of bacteria attached on the Ti-6Al-4V control group was 

increased (Figure 14). After 90 min, the adhered bacteria on all the Mg alloy surfaces 

dramatically decreased, while the Ti-6Al-4V control group still showed an increase in the 

number of adherent bacteria (Figure 14).

SEM observation was performed to examine the morphology and number of the adhered 

bacteria and the results are depicted in Figure 15. It was found that the bacteria maintained 

their normal shape after incubation for 4 h. However, the number of bacteria on the Mg 

alloys surface exhibited significant decrease when compared with that of Ti-6Al-4V control 

group. We can conclude that Mg alloy can significantly inhibit the growth of bacteria and 

the adherence of the bacteria on the alloys surfaces.

3.9 Cytotoxicity

MTT assay was used to assess the cell proliferation of MC3T3-E1 cells cultured in different 

Mg alloys extracts for 2, 4, and 6 days. The cell viability is shown in Figure 16. It can be 

seen that the morphology of MC3T3 cells in different extracts was in spindle-like shape, 
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which was similar to that of the control group (Figure 16). As is shown in Figure 16(f), cells 

cultured in the Mg alloys extracts showed relatively similar absorbance in comparison to the 

control group on the first 2 days (p>0.05). Afterwards, the absorbance of all the groups was 

increased drastically, indicating the increase in the number of living cells. On day 4, the 

number of cells on the Mg-1Ca-0.5Sr group was slightly higher than that on the Ti-6Al-4V 

control group (p<0.05). Meanwhile, the number of the cells on the other three alloy groups 

had no statistically significant differences compared with the Ti-6Al-4V control group 

(p>0.05). After 6 days, although all the Mg alloys still exhibit a high absorbance, we can see 

that the cell growth rate showed a mild drop with the increase of Zn content, and the 

Mg-1Ca-0.5Sr group showed a statistical differences compared to the control group with an 

inhibition rate of about 20%.

The images of Live/Dead assay are exhibited in Figure 17. The results showed that there 

were a slight increase in the number of dead cells with the increase in the Zn content. The 

number of the dead cells on the Mg-1Ca-0.5Sr alloys were lower than the 

Mg-1Ca-0.5Sr-6Zn alloys after 6 days of incubation. Although a few numbers of dead cells 

can be seen in all the alloys extracts, the viability of the cells in Mg-Ca-Sr-Zn quaternary 

alloys are still higher than 80% after 6 days incubation.

4. Discussion

Bacterial infection frequently threatens the health of patients and has become the 

predominant causes of biomaterial implant failures.1 Mg-Ca, Mg-Sr, Mg-Zn binary alloys 

have been proved to be promising orthopedic biomaterials with excellent biocompatibility 

and good in vivo behavior.16, 17, 19 As anti-bacterial elements, both Zn and Sr were widely 

used in bioactive glasses for bone repairing applications. The results of this study found that 

our prepared Mg-Ca-Sr-Zn alloys exhibited both good anti-bacterial property and good 

biocompatibility.

4.1 Microstructure and in vitro corrosion behavior

Zn has been reported to be an efficient grain refiner for Mg alloys. In our present work, the 

SEM images confirmed that the addition of Zn in the Mg-1Ca-0.5Sr alloy led to the 

refinement of the grain size (Figure 2). The maximum solubility of the Zn in Mg is 6.2wt.% 

at 325°C, however, Zn containing phases including CaZn3, Ca2Mg5Zn13 and Ca2Mg6Zn3 

were also detected according to XRD analysis (Figure 1). It suggested that the solubility of 

Zn in α-Mg was decreased and the compounds were formed when other alloying elements 

were added. Furthermore, with higher Zn contents in the alloys, more Zn containing 

secondary phases were deposited in the grains or along the grain boundaries (Figure 2, 3).

Immersion test and hydrogen evolution test are two common and efficient approaches for 

evaluating the in vitro degradation behavior of the alloys for biomedical applications. After 

10 days of immersion in Hank’s solution, the sample surface was mainly covered with a 

layer of carbonates and phosphates.17 Sr and Zn were also detected in the corrosion products 

(Figure 5b), indicating that the degradation of the alloys may also form Sr and Zn containing 

salts or oxides. Mg-1Ca-0.5Sr alloy exhibited a local corrosion mode with corrosion pits on 
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the surface. With the addition of Zn to the ternary alloy, no corrosion pit can be seen. The 

alloying element of Zn resulted in more homogenous corrosion of the alloys.

During the initial period, the hydrogen evolution rate of the Mg-1Ca-0.5Sr was higher than 

that of Zn-containing alloys. The fast degradation rate resulted in the higher pH value of the 

immersion medium (Figure 6b). With the increasing immersion time, the corrosion products 

deposited on the alloy acted as a protective layer and inhibited the permeation of the 

corrosive medium (Figure 4a). Thus, the hydrogen evolution rate decreased (Figure 6a). The 

released cations from the degradation process consumed the OH− to form the deposits and 

pH value of the medium in Mg-1Ca-0.5Sr alloy group increased more slowly than other 

alloy groups (Figure 6b). With further increase in the immersion time, the corrosion product 

layer was broken down by the medium, and fresh alloy matrix was exposed to the medium 

and the hydrogen evolution rate and volume were then increased. The Zn containing alloys 

exhibited a slower degradation rate at the first 100 hours and Mg-1Ca-0.5Sr-4Zn alloy 

showed a better corrosion resistance during the whole immersion period. Moreover, 

Mg-1Ca-0.5Sr-6Zn alloy exhibited higher hydrogen evolution rate.

4.2 Indirect antibacterial assays

As was described in the previous sections, the bacterial colony formation numbers according 

to the indirect assay were decreased with the increasing Zn contents. It was widely regarded 

that osmolality and pH value of the culture medium were two common factors that 

important for the growth of cells and bacteria. Due to the buffering capacity of the PBS 

solution, we found that both the osmolality and pH of the PBS extracts exhibited little 

fluctuation between the alloys with different Zn contents, while the pH value of 

Mg-1Ca-0.5Sr alloy showed a statistically significant difference compared with the 

Ti-6Al-4V control group (Figure 7). All the osmolality and pH values of the PBS extracts 

were in the suitable ranges for the growth of bacteria. However, the ions concentration of the 

PBS extracts was different from each alloy (Figure 8). Robinson et al 6 evaluated the 

antibacterial properties of Mg metal in vitro. They found that the increment of Mg2+ ions 

released from the corrosion process alone had no anti-bacterial effect, but the increment in 

the pH value of the extracts inhibited the growth of bacteria. In our study, there was only 

little difference of the Ca2+ ions concentration among the four alloys, and thus we concluded 

that the anti-bacterial property of the Mg-Ca-Sr-Zn alloys had little correlation with the Ca2+ 

and Mg2+ ions. Taking this finding into consideration, the Sr2+ and Zn2+ in the PBS 

extractions may contribute to the anti-bacterial effect of the Mg-Ca-Sr-Zn alloys.37 

Furthermore, the number of CFUs of the Mg-Ca-Sr-Zn alloys was decreased with the 

increment of Zn2+ ion concentration (Figure 8, Figure 9), indicating that Zn2+ ion improved 

the anti-bacterial property. It was reported that the addition of Sr resulted in a dose 

dependent bactericidal effect in the bioactive cements.38 An in vivo result also showed that 

the Sr-doped 45S5 bioglass didn’t cause any inflammation.39 After half or totally substituted 

the Ca in the hydroxyapatite (HA) with Sr, the anti-bacterial effects of HA were improved.40 

Many studies33, 41 had demonstrated that Zn possessed excellent antibacterial ability and 

exhibited antibacterial effect, especially on gram-positive bacteria. Södeberg et al 42 found 

that gram-positive bacteria were the most susceptible bacterial group to Zn ions and much 

more susceptible than gram-negative aerobic bacteria. It was reported that a relatively higher 
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Zn ion concentration of about 1024 μg/ml showed no inhibition effect on the gram-negative 

aerobic bacteria, while for the gram-positive bacteria, a concentration of about 100–110 

μl/ml exhibited inhibition effects. Selahattin et al 43 also found that it had an inhibition effect 

on S. aureus with a Zn concentration of about 36.4 μl/ml. Furthermore, Jin et al29 reported 

that the minimum inhibition concentration of Zn ions for S. aureus was lower than 9 μg/ml. 

On the other hand, Franklin et al44 concluded that Zn ions released from ZnO was the main 

reason for the antibacterial property. They found that it showed a strong inhibition effect on 

S. aureus when the concentration of Zn ion was around 10 μg/ml, which was in accordance 

with Jin’s work29. In this study, the effective concentration of Zn ions from the Zn-

containing Mg alloys was very low, which was about 0.05 μg/mL for Mg-1Ca-0.5Sr-2Zn, 

0.48 μg/mL for Mg-1Ca-0.5Sr-4Zn and 0.89 μg/mL for Mg-1Ca-0.5Sr-6Zn. While the low 

Zn ion concentration in this work revealed the same inhibition effects as in the previous 

studies, our findings suggested that the combination of Zn ion and Sr ions exhibited better 

antibacterial property compared to zinc ions alone.

The results of Mg-Ca-Sr-Zn alloys extracts at different time points on bacterial growth 

revealed that the Zn containing alloys continuously provide anti-bacterial effects when 

compared with the Mg-1Ca-0.5Sr and Ti-6Al-4V control group. Moreover, the killing rate 

of the extracts with an extraction time of 72 h was dramatically increased (Figure 10). In 

order to minimize the side effects of the antibiotics and achieve the best antibacterial effect, 

we concluded that when these alloys were used in clinical practice, the use of topical 

antimicrobial agents should be gradually reduced in 72 hours after surgery.

4.3 Direct antibacterial assays

The results of direct antibacterial assays exhibited that the alloys not only inhibited the 

bacteria’s growth but also decreased the number of the adhered bacteria on the alloys 

surfaces. Mg-1Ca-0.5Sr alloy exhibited a comparable antibacterial property with 

Mg-1Ca-0.5Sr-4Zn and Mg-1Ca-0.5Sr-6Zn alloys. The antibacterial efficiency of 

Mg-1Ca-0.5Sr-2Zn alloy was significantly lower than that of the other three Mg alloys. As 

was shown in Figure 15, after incubation with the bacteria for 6 h, the alloys surface were 

covered with a layer of corrosion products and corrosion cracks could also be seen. The 

bacteria with normal shape was adhered on the corrosion products, and the number of 

bacteria varies with the Zn content in the alloys. During the whole incubation periods, gas 

evolution immediately took place on the surface of the alloys. The resultant gas bubbles 

would hinder the bacterial adherence on the alloy surface. The released OH− derived from 

the alloys degradation increased the local pH value, which may further have an impact on 

the adherence and growth of bacteria. Furthermore, the corrosion products on the sample 

surfaces may also play an important role on bacterial adherence. It has been reported that the 

corrosion products formed during the alloy degradation process contributed to bacterial 

death. Both Dong et al 45 and Jin et al46 reported the antibacterial effects of Mg(OH)2 and 

MgO. Other scholar44 also reported that ZnO exhibited good antimicrobial efficacy. Kishen 

et al 47 found that the ZnO nanoparticles produced a significant reduction in the number of 

E. faecalis cells adhered to dentin. The increment of Zn2+ ions would also be an important 

factor that helped the anti-adherence of bacteria. We can speculate that the formation of the 

oxides on the surface of the samples and the rapid release of hydrogen gas and OH− may 
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contribute to the anti-adherence of the bacteria on the Mg alloys (Figure 5–6). Additionally, 

the increase in ion concentrations (especially Zn ion) and pH values may also have an 

influence on the growth of bacteria. The immersion medium of Mg-1Ca-0.5Sr-2Zn alloy 

group exhibited a lower pH value than other three Mg alloys. While the hydrogen evolution 

rate of the Mg-1Ca-0.5Sr-2Zn alloy was also slower than that of the Mg-1Ca-0.5Sr-6Zn 

alloy. Thus the number of adhered bacteria was higher than other Mg alloys, which may be 

the reason for its lower direct antibacterial and anti-adherence efficiency.

The result of Live/Dead staining assay and SEM observation give us an overview of the 

number of the bacteria on the samples. These findings were in agreement with that of the 

direct antibacterial test (Figure 11f), further confirming the antibacterial effect of the Mg 

alloys. The DAPI staining assay used to evaluate the early anti-adhesion property of the 

alloys. The results indicated that all the Mg alloys could inhibit the adhesion of bacteria 

when compared with the Ti-6Al-4V control group (Figure 13, 14). Furthermore, the 

continuous corrosion process would result in the continuous release of hydrogen bubbles 

and OH- near the sample surface, thus the Mg alloys can continuous inhibit the bacterial 

adherence while the adhered bacteria on the Ti-6Al-4V surface was increased with the 

increasing incubation time.

4.4 Cytotoxicity

Ca, Sr and Zn are all essential metal element for human daily metabolism. Previous studies 

had already shown that these alloying elements possess good biocompatibility and 

osteogenic activity. In our MTT assay, the Mg-Ca-Sr-Zn alloys exhibited no obvious 

toxicity to MC3T3 -E1 cells and the cytotoxicity of all the alloys extracts was found to be 

Grade 0–1 (Figure 16). We can see that the Zn-containing alloys exhibited a higher 

biocompatibility than Mg-1Ca-0.5Sr. The optical images showed that the cells were spread 

to have a spindle-like shape. Fluorescence images also depicted that the culture disk was 

covered with a layer of MC3T3-E1 cells, and only a small amount of dead cells were found 

(Figure 17). Our results indicated that these alloys are safe enough to be used as a potential 

biomaterial for orthopedic applications.

5. Conclusions

Our results clearly showed that zinc addition into Mg-1Ca-0.5Sr to form Mg-1Ca-0.5Sr-4Zn 

decreased the hydrogen evolution volume and evolution rate, while bringing no additional 

toxicity compared to the Mg-1Ca-0.5Sr alloy. Moreover, Mg-1Ca-0.5Sr-6Zn exhibited a 

stronger antibacterial effect against S. aureus than Mg-1Ca-0.5Sr. We can conclude that 

Mg-1Ca-0.5Sr-6Zn was the best choice as an ideal antibacterial biodegradable orthopedic 

implant material since it not only has better antibacterial effect as Mg-1Ca-0.5Sr-2Zn and 

Mg-1Ca-0.5Sr-4Zn but also shows a comparable efficiency on promoting the growth of 

osteoblasts. This study shows that Mg-1Ca-0.5Sr-6Zn is a multifunctional antibacterial 

biodegradable implant that can be used in bone surgery to prevent bacterial infections.
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Figure 1. 
X-ray diffraction patterns of the experimental alloys
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Figure 2. 
The SEM images of microstructure of the Mg alloys. The secondary phases in the alloys 

were indicated by the black arrow.
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Figure 3. 
EDS results of the secondary phases indicated by the arrows in Figure 2
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Figure 4. 
Morphology of the alloys after immersed in Hank’s solution for 10 days. The insets 

exhibited the aggregation of the corrosion products
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Figure 5. 
EDS spectra taken from the corrosion products indicated by the black arrows in Figure 4
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Figure 6. 
Hydrogen evolution rate (a) and pH value of Hank’s solution (b) as a function of immersion 

time. The inset picture in (a) depicts the hydrogen evolution rate of quaternary alloys.
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Figure 7. 
Osmolarity and pH value of the PBS extracts of the alloys, * p<0.05
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Figure 8. 
Ion concentration of the PBS extracts of the alloys
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Figure 9. 
S. aureus colonies after incubation with different PBS extracts of the alloys for 24 h: a) 

Mg-1Ca-0.5Sr-2Zn, b) Mg-1Ca-0.5Sr-4Zn, c) Mg-1Ca-0.5Sr-6Zn, d) Mg-1Ca-0.5Sr, e) 

Ti-6Al-4V, f) CFU of the sample alloys. The error bars represent the standard deviations 

calculated from three independent experiments
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Figure 10. 
Antibacterial curves of the alloys extracts extracted at different times
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Figure 11. 
S. aureus colonies incubated for 24 h after detached from the alloys surface: a) 

Mg-1Ca-0.5Sr-2Zn, b) Mg-1Ca-0.5Sr-4Zn, c) Mg-1Ca-0.5Sr-6Zn, d) Mg-1Ca-0.5Sr, e) 

Ti-6Al-4V, f) CFU of the sample alloys. The error bars represent the standard deviations 

calculated from three independent experiments
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Figure 12. 
Fluorescent microscopic images of S. aureus after 30 min of culturing on the sample 

surfaces: a) Mg-1Ca-0.5Sr-2Zn, b) Mg-1Ca-0.5Sr-4Zn, c) Mg-1Ca-0.5Sr-6Zn, d) 

Mg-1Ca-0.5Sr, e) Ti-6Al-4V. Live bacteria is in green and dead bacteria is in red
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Figure 13. 
DAPI staining of the adhered bacteria on the alloys surface after exposure to S. aureus 

suspension (107 cfu/ml) for 30 min, 60 min and 90 min: a) Mg-1Ca-0.5Sr-2Zn, b) 

Mg-1Ca-0.5Sr-4Zn, c) Mg-1Ca-0.5Sr-6Zn, d) Mg-1Ca-0.5Sr, e) Ti-6Al-4V
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Figure 14. 
The number of adhered bacteria on the alloys surfaces according to DAPI staining assay. For 

each alloy, five random fields were selected.
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Figure 15. 
SEM images of different alloys after exposure to S. aureus suspension for 4 h: a) 

g-1Ca-0.5Sr-2Zn, b) Mg-1Ca-0.5Sr-4Zn, c) Mg-1Ca-0.5Sr-6Zn, d) Mg-1Ca-0.5Sr, e) 

Ti-6Al-4V, f) the number of bacteria attached on the alloys surface. The error bars represent 

the standard deviations calculated from five independent experiments
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Figure 16. 
Cell morphology after cultured in alloys extracts for 6 days: a) Mg-1Ca-0.5Sr-2Zn, b) 

Mg-1Ca-0.5Sr-4Zn, c) Mg-1Ca-0.5Sr-6Zn, d) Mg-1Ca-0.5Sr, e) Ti-6Al-4V and f) cell 

viability after cultured in alloys extracts for 2, 4, and 6 days. The error bars represent the 

standard deviations calculated from five independent experiments
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Fig. 17. 
Fluorescence microscopic images of live/dead dye-stained MC3T3 cells after cultured in 

alloys extracts: a) Mg-1Ca-0.5Sr-2Zn, b) Mg-1Ca-0.5Sr-4Zn, c) Mg- 1Ca-0.5Sr-6Zn, d) 

Mg-1Ca-0.5Sr, e) Ti-6Al-4V for 6 days. Live cells are in green and dead cells are in red
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