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extracts and Zn-3Cu coating alloy extracts were 
irregular and crumpled, showing a significant 
difference from that of the negative group. The 
cytotoxicity of the Zn-3Cu alloy extracts and 
Zn-3Cu coating alloy extracts were grades 2-4, 
Similarly, previous study found that the cytotox-
icity of JDBM alloy is mild when applied as tra-
cheal stents, vascular stents and bone fixation 
[16-18]. While, Zn is proved to have a dosede-
pendent effect on some cellular functions like 
attachment, migration, and spreading [19]. 
Besides, Li et al. reported that adding Mg, Sr 
and Ca into Zn could alleviate the cytotoxicity 
induced by Zn in MG63 cells [20], which may 
account for the reason why JDBM alloy has little 
effect on cells though there is small amount of 
Zn in its composition. For further assessment 
of the biocompatibility of the JDBM alloy and 
JDBM coating alloy, we implanted the JDBM 
alloy and JDBM coating alloy into the common 
bile duct (CBD) of beagles.

In the present study, the JDBM alloy stents and 
JDBM coating alloy stents were removed from 
beagles 1, 2 or 3 months after surgery. The 

influence of the new material on the local tis-
sue (CBD) and the surrounding organs (such as 
the liver, kidney and spleen) was assessed. The 
histological evaluation and immunohistochem-
istry analysis indicated that the JDBM alloy and 
JDBM coating alloy (compared with the control 
group) did not cause organ damage to the CBD, 
liver, kidney or spleen. In addition, no formation 
of gallstones or cholestasis was found after the 
JDBM alloy or JDBM coating alloy stents were 
inserted into the CBD. The values of the postop-
erative serum magnesium, ALT, AST, TB, BUN 
and CREA did not differ between the JDBM alloy 
group or the JDBM coating alloy group and the 
negative control group. Taken together, these 
results showed good biocompatibility of the 
JDBM alloy and JDBM coating alloy in vivo and 
in vitro.

Magnesium in aqueous solution dissolves ac- 
cording to the following equations [21-23]: ano- 
dic reaction: Mg → Mg2+ + 2e-; cathodic reac-
tion: 2H2O + 2e- → H2 + 2OH-; Mg2+ + 2OH- → 
Mg(OH)2.

Figure 7. The results of the histological evaluation in the JDBM alloy group and JDBM coating alloy group. The bile 
duct, liver, spleen and kidney retained their original structure, and no significant cell swelling or necrosis was ob-
served. 
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Bile is a complex substance containing organic 
and inorganic solutes, such as bilirubin, bile 
acids, cholesterol, phospholipids, Na+, K+, Ca2+, 
Mg2+, Cl-, HCO3

- and PO4
3- [24]. Thus, the degra-

dation process in bile is more complex than in 
aqueous solution. The chloride ions (Cl-) from 
bile can further transform Mg(OH)2 into MgCl2, 
resulting in an excess of OH- in bile. Ca2+, PO4

3- 

and OH- are likely to nucleate to form hydroxy-
apatite and other phosphates and adhere firmly 
to the magnesium alloy surface. In the present 
study, after three months of immersion in bile 
in vitro degradation experiments, all samples 
were observed using SEM and EDS. The results 
showed that surface deposits of all samples 
formed. The surface deposits on the JDBM 
alloy and JDBM coating alloy were more notable 
than those in Zn-3Cu alloy and Zn-3Cu coating 
alloy groups. EDS analysis results indicated 
that the surface deposits attached to the JDBM 
alloy and JDBM coating alloy were mainly com-
posed of O, C, Na, Mg, Ca, P, Cl and Si, while the 
surface deposits attached to the Zn-3Cu alloy 
and Zn-3Cu coating alloy mainly consisted of O, 
C, Cu, Ca, P and Zn.

Magnesium in physiological environments ex- 
hibits rapid degradation, which destroys the 
implant’s structural integrity. Through the alloy-
ing process, corrosion resistance can be im- 
proved effectively. However, magnesium alloys 
are still unable to meet the clinical needs. Many 
studies of biodegradable magnesium alloys 
have reported that they do not perform well 
because of their rapid degradation [22]. Slower 
corrosion rates and longer support times are 
essential for magnesium alloys to be potential 
biodegradable materials. There are some pos-
sible ways to approach this problem. Surface 
coatings seem to be one of the effective meth-
ods to prevent the fast degradation of magne-
sium implants [25, 26]. In this study, we first 
investigated the in vitro degradation behaviors 
of four different samples, including a Zn-3Cu 
alloy, a Zn-3Cu coating alloy, a JDBM alloy and 
a JDBM coating alloy for the bile duct applica-
tion. On the basis of the immersion test results, 
the degradation rates of the Zn-3Cu alloy and 
Zn-3Cu coating alloy were basically the same, 
which indicates that the corrosion resistance of 
the Zn-3Cu alloy is perfect. The degradation 

Figure 8. The results of immunohistochemical staining of capase-3 and Bcl-2 (DAB, × 200). The expression levels 
of capase-3 and Bcl-2 in the JDBM alloy group and JDBM coating alloy group showed no significant difference when 
compared with the negative control group.
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rate of the JDBM coating alloy was significantly 
lower than that of the JDBM alloy, which indi-
cates that coating can effectively lower the 
degradation rate. Furthermore, the degrada-
tion rates of the JDBM alloy and JDBM coating 
alloy were significantly higher than that of 
Zn-3Cu alloy and Zn-3Cu coating alloy. After 
examining the cytotoxicity of the Zn-3Cu alloy 
and Zn-3Cu coating alloy, we only investigated 
the in vivo degradation behaviors of the JDBM 
alloy and JDBM coating alloy. After immersion 
in bile for 1, 2 or 3 months, the implants were 
taken out and observed by SEM. The SEM 
results demonstrated that the surface corro-
sion of the JDBM alloy was more obvious than 
that of the JDBM coating alloy. The surface 
cracks were larger and deeper in the JDBM 
alloy than those in the JDBM coating alloy. 
Taken together, these results suggested good 
corrosion resistance of the JDBM coating alloy.

Conclusion

In the present study, in vitro and in vivo experi-
ments were performed to investigate the bio-
compatibility and degradation rate of a Zn-3Cu 
alloy, a Zn-3Cu coating alloy, a JDBM alloy and a 
JDBM coating alloy. In the in vitro experiments 
to assess biocompatibility, both the JDBM alloy 
and JDBM coating alloy extracts were bio-safe 
for L-929 cells, while the Zn-3Cu alloy and 
Zn-3Cu coating alloy extracts were toxic to 
L-929 cells. In the in vivo experiments to evalu-
ate biocompatibility, neither the JDBM alloy nor 
the JDBM coating alloy affected the function or 
morphology of the bile duct, liver, kidney or 
spleen. In the in vitro experiments to explore 
the degradation rates of the Zn-3Cu alloy, the 
Zn-3Cu coating alloy, the JDBM alloy and the 
JDBM coating alloy, the degradation rates of 
the Zn-3Cu and Zn-3Cu coating alloys were 
basically the same, while the degradation rate 
of the JDBM coating alloy was significantly 
lower than that of JDBM alloy. Taken together, 
the JDBM coating alloy is better than the 
Zn-3Cu alloy, Zn-3Cu coating alloy and JDBM 
alloy. Thus, it can be concluded that the JDBM 
coating alloy is a safe, biodegradable material 
for CBD surgery.
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