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Abstract: This study was designed to investigate the biocompatibility and the degradation behavior of a Zn-3Cu alloy,
a Zn-3Cu coating alloy, a Mg-Nd-Zn-Zr (denoted as JDBM) alloy and a JDBM coating alloy to choose the optimal alloy
for common bile duct (CBD) surgery. In the in vitro degradation experiments, we observed the surface morphology
of the samples and determined the elements of the corrosion products. In the in vitro cytotoxicity experiments, the
cell morphology and cytotoxicity were observed and tested. In the in vivo experiments, in addition to analyzing the
samples, we also analyzed the variations in serum magnesium, serum creatinine (CREA), blood urea nitrogen (BUN),
total bilirubin (TB) and glutamic pyruvic transaminase (GPT). Moreover, important tissue samples from the CBD,
liver, kidney and spleen were taken for histological evaluation. The in vitro degradation experiments revealed that
the surface corrosion of the JDBM and JDBM coating alloys were more obvious than that of Zn-3Cu and Zn-3Cu coat-
ing alloys, and the degradation rate of the JDBM coating alloy was the slowest. The in vitro cytotoxicity assessment
showed that the JDBM alloy and JDBM coating alloy extracts were biologically safe for L-929 cells, while the Zn-3Cu
alloy and Zn-3Cu coating alloy extracts were harmful to L-929 cells. In the in vivo experiments, neither the JDBM alloy
nor the JDBM coating alloy affected the function or morphology of the bile duct, liver, kidney or spleen. Similar to the
in vitro degradation behavior, the surface corrosion of the JDBM alloy was more significant than that of the JDBM
coating alloy. Our data suggested that the JDBM coating alloy is a safe, biodegradable material for CBD surgery.
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Introduction troversial because stent occlusion caused by
tumor overgrowth, biliary sludge accumulati-

Biliary stricture is a thorny issue that commonly on and epithelial hyperplasia influences its

and frequently occurs in hepatobiliary disease.
Traditionally, T-tube drainage following the sur-
gical exploration of the common bile duct (CBD)
is the main method. However, the incidence of
T-tube placement-associated adverse events,
such as biliary fistula, biliary obstruction and
water-electrolyte disturbance [1-3], have been
reported to be high. Later, with the develop-
ment of endoscopic interventional techniques,
biliary stent insertion is becoming the most
important and preferred method to support
CBD. However, biliary stent insertion is still con-

long-term therapeutic effects. Furthermore, the
placed stents are likely to embed into the biliary
wall and are difficult to remove after stenosis is
relieved. All of these flaws severely limit the
widespread application of biliary stents.

Recently, magnesium alloys have been of great
interest as promising biodegradable materials.
They have been widely used as vascular stent
materials, bone fixation materials and porous
materials for bone repair in orthopedic fields
[4-9]. However, their utility in the biliary duct
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has been less reported. In existing research
works, a Mg-6Zn alloy, which has been indicat-
ed to have good biocompatibility and safety,
however, this kind of magnesium alloy corroded
too fast that couldn’t meet the requirement of
clinical work [10-12]. Here, we developed two
new biodegradable materials, JDBM, with high
elongation ratios, low yield strength and low
degradation rates and Zn-3Cu [13]. In this
study, we aimed to select the most ideal biode-
gradable material by comparing the Zn-3Cu
and JDBM alloy in experiments in vivo and in
vitro.

Materials and methods
Materials

Four different samples, including a Zn-3Cu
alloy, a JDBM alloy and their respective coating
(MgF2-PDLLA) products, were provided by
National Engineering Research Center of Light
Alloy Net Forming of Shanghai Jiao Tong
University. Each sample was processed into
two types: a disk sample and a cylindrical sam-
ple. The disk samples were used for the in vitro
degradation and cellularity experiments, with a
diameter of 12 mm and a thickness of 3.0 mm.
Cylindrical samples, with a luminal diameter of
1.5 mm and a length of 8 mm, were put into the
CBD of beagles. All samples were polished with
SiC paper up to 1200 mesh, followed by ultra-
sonic cleaning in absolute ethyl alcohol for 10
min. Samples were sterilized with ultraviolet
radiation for one hour before the in vitro and in
Vivo experiments.

Bile was collected from patients who indwelt
nasobiliary ducts for biliary decompression. It
was orderly filtered with 100 and 200 stainless
steel screen mesh, sterilized at 62°C for 30
min and stored in -20°C after packing.

In vitro degradation experiment

In vitro, samples were immersed in bile with a
temperature maintained at 37 + 0.5°C using a
water bath. They were taken out every ten days,
washed with distilled water and dried at room
temperature. The appearance and weight we-
re observed and recorded. After three months
of immersion, the surface morphology of the
samples was observed using scanning electron
microscopy (SEM), and the elements of the cor-
rosion products on the sample surface were
determined by energy dispersive spectroscopy
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(EDS). Then, the samples were rinsed with chro-
mic acid to remove the corrosion products. The
surface morphology of the samples was ob-
served once again. The degradation rate (in
units of mm/yr) was obtained according to the
ASTM-G31-72.

Corrosion rate = (K x W)/(A x T x D). where the
coefficient K = 8.76 x 104, W is the weight loss
(8), A is the sample area exposed to bile (cm?),
T is the immersion time (h) and D is the density
of the material (g/cm?3).

In vitro cell experiments

Preparation of the alloy extracts: Disk sampl-
es were fully immersed in cell culture medium,
Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Invitrogen). The ratio of the sample sur-
face area to the cell culture medium was 1.25
cm?/ml. Immersed samples were placed in an
atmosphere of 5% CO, at 37°C for 72 h, and
then the extracts were collected, filtered though
a 0.22 ym microporous membrane and pack-
aged separately. To observe a dose-response
relationship, extracts were diluted with DMEM
to three different concentrations (100, 80 and
40% concentration). All extracts were then
used in the Cell Counting Kit-8 (CCK-8) assay.

Cytotoxicity assessments

The murine fibroblast cell line L-929 was cul-
tured in DMEM, supplemented with 10% fetal
bovine serum (FBS, HyClone) in a humidified
incubator with 5% CO, at 37°C. L-929 cells
were first incubated in 96-well culture plates at
a density of 1 x 108 cells/well (4 groups, 4 con-
centrations, each concentration with 3 wells)
and placed in a humidified incubator with 95%
relative humidity and 5% CO, at 37°C for 24 h
to allow for cell attachment. Then, 10 ul of
extraction medium of different concentrations
was then added to the culture plates. DMEM
medium acted as a negative control in this
experiment. At predetermined times (1, 3and 5
days), the cell morphology was observed first
by optical microscopy, 10 ul of CCK-8 was then
added to each well (wells without cells acted as
a blank group). The plates were incubated for
1-4 h. Optical density (OD) measurements were
completed at the test wavelength of 450 nm.
The cell relative growth rate (RGR) was obtained
according to the following formula: RGR = (OD
-0D 0D,,... % 100%.

k

test

negative)/
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In vivo experiments

Surgery: Beagles with a mean body weight of
10 kg were used in our study. These beagles
were randomly assigned to experimental gro-
ups and a negative control group. All beagles
were treated under general anesthesia by intra-
venous injection of sodium pentobarbital at
10 mg/kg body weight. In the experimental
groups, biodegradable materials were im-
planted after bile duct incision, and nothing
was implanted in the negative control group.
The animal experiment was carried out in ac
cordance with the Guidance Suggestions for
the Care and Use of Laboratory Animals and
was approved by the Ethics Committee of Sh-
anghai General Hospital, Shanghai Jiao Tong
University School of Medicine.

General condition of all animals

After materials implantation surgery, the surgi-
cal incision, the wellbeing and the body weight
of the beagles were observed and evaluated
every two weeks.

Biochemical tests

Five milliliter blood samples were collected
from the femoral vein before surgery and 1, 2
and 3 months after the operation. The blood
biochemical tests for serum magnesium, serum
creatinine (CREA), blood urea nitrogen (BUN),
total bilirubin (TB) and glutamic pyruvic trans-
aminase (GPT) were performed with a Hitachi
7600-020 automatic biochemical analyzer.

Degradation characterization

The implanted alloy materials were retrieved
after the beagles were sacrificed. The surface
morphology of the samples and the elements
of the corrosion products were observed and
analyzed using SEM and EDS.

Histological evaluation and immunohistochem-
istry analysis

At predetermined times, three beagles in ea-
ch group were sacrificed. The common bile duct
of 5 cm? surrounding the alloy materials, liver,
kidney and spleen were removed, fixed in 4%
formaldehyde and embedded with paraffin. The
paraffin-embedded samples were then cut into
slices with a thickness of 4 ym and fixed on the
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glass slides. All slices were processed and
stained with hematoxylin eosin (HE). Immuno-
histochemical analysis was performed to study
the expression of apoptosis-related genes.
After deparaffinization and rehydration using
xylene and graded concentrations of ethyl al-
cohol, the slices were microwave treated in
citrate buffer (pH 6.0) at 99°C for 10 min.
Endogenous peroxidase activity was blocked
with 3% H,0, for 10 min. Slices were then
cleaned three times with phosphate-buffered
saline (PBS) for 5 min. Nonspecific reactions
were blocked with normal goat serum for 20
min at room temperature. The slices were then
incubated with antibodies against Bcl-2 (bs-
4563R, 1:800, Bioss, China) and caspase-3
(bs-0081R, 1:800, Bioss, China) at 4°C over-
night. After washing three times with PBS for 5
min each time, a biotinylated secondary anti-
body (goat anti-rabbit immunoglobulin) was
added to the slices for 30 min at 37°C. After
washing three times with PBS, strept avidin-
biotin complex (SABC) was added followed by
incubation for 20 min at 37°C. Diaminobenzidi-
ne (DAB, Sigma) was used as the chromogenic
substrate.

Statistical analysis

Statistical analysis was performed with SPSS
22.0 software. The experimental results were
analyzed with the two samples t-test and pre-
sented in the form of mean values + standard
deviation. The level of statistical significance
was set at P < 0.05.

Results
In vitro degradation experiment

Appearance changes and degradation rates of
samples: The appearance changes and degra-
dation rates of samples were observed and cal-
culated after 10 days, 30 days, 50 days, 70
days and 90 days of immersion. Figure 1 indi-
cates that all samples corroded after immer-
sion and became more and more pronounced
over time. And the surface corrosion on the
JDBM alloy and JDBM coating alloy was more
obvious than that on the Zn-3Cu alloy and
Zn-3Cu coating alloy. Furthermore, the surface
corrosion on the JDBM alloy was more obvious
and uneven compared with inconspicuous and
even surface corrosion on the JDBM coating
alloy. As also listed in Table 1, the JDBM alloy
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0 day 10 days 30 days

Figure 1. The changes in appearance of the samples after 10 days, 30 days, 50 days, 70 days and 90 days of im-
mersion. The surface corrosion of the JDBM alloy (C) and JDBM coating alloy (D) was more obvious than that of the
Zn-3Cu alloy (A) and Zn-3Cu coating alloy (B).

deeper than those on the Zn-3Cu alloy
and Zn-3Cu coating alloy. Fur-

Table 1. Degradation rates of the samples after 10 days,
30 days, 50 days, 70 days and 90 days of immersion in

vitro thermore, there were more corrosion
In vitro (mm. year?) cracks on the surface of the JDBM

sample .
p 10 days 30 days 50 days 70 days 90 days alloy when compared with those on

the JDBM coating alloy. After removing

Zn-3Cu 0.173 0.115 0.102 0.074 0.077 . .
. the surface corrosion products with
Zn-3Cu coating  0.173 0.115 0.104 0.074 0.077 . . . .
chromic acid, more corrosion pits on
JDBM 2.199 1.446 1.173 1.257 1.140

the surface of the JDBM alloy and
JDBM coating 0.733 0.489 0.586 0.628 0.652

JDBM coating alloy were observed,

and JDBM coating alloy degraded faster than
the Zn-3Cu alloy and Zn-3Cu coating alloy. The
degradation rates of the Zn-3Cu alloy and
Zn-3Cu coating alloy were similar, however, the
degradation rate was higher for the JDBM alloy
than for the JDBM coating alloy.

Surface morphology and EDS results: Figure 2
shows the surface morphology of the samples
and the EDS results of the surface corrosion
products after 3 months of immersion. Figure
2A illustrates the surface morphology of the
unwashed samples, and Figure 2B illustrates
the surface morphology of the washed sam-
ples. As shown in Figure 2A, the corrosion
cracks observed on the surface of the JDBM
alloy and JDBM coating alloy were larger and
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and the corrosion pits on the JDBM
coating alloy were more uniform than those on
the JDBM alloy. Figure 2C displays the surface
corrosion products of the unwashed samples,
and Figure 2D shows the EDS results of the cor-
rosion products. The EDS results demonstrated
that the corrosion products from the JDBM
alloy and JDBM coating alloy were mainly com-
posed of O, C, Na, Mg, Ca, P, Cl and Si, while the
corrosion products from the Zn-3Cu alloy and
Zn-3Cu coating alloy were mainly composed of
0, C, Cu, Ca, Pand Zn.

In vitro cytotoxicity test
Analysis of cell morphologies and numbers:

L-929 cells cultured in different extracts were
observed with an inverted microscope after 1,
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Figure 2. The surface morphology of the samples and the EDS results of the surface corrosion products. Cracks on
the JDBM alloy and JDBM coating alloy were deeper than those on the Zn-3Cu alloy and Zn-3Cu coating alloy after
3 months of immersion (A). Corrosion pits on the JDBM alloy were the deepest after removing the surface corrosion
products (B). The corrosion products on the JDBM alloy and JDBM coating alloy were mainly made of O, C, Na, Mg,
Ca, P, Cl and Si, and the corrosion products on the Zn-3Cu alloy and Zn-3Cu coating alloy were mainly composed of

0, C, Cu, Ca, P and Zn (C and D, respectively).

3 and 5 days of incubation (Figures 3, 4). In
cells treated with the Zn-3Cu or Zn-3Cu coating
extracts, cell membrane damage and cell
nuclei pyknosis occurred, and most cells
became round with increasing extract concen-
tration. Furthermore, the number of dead cells
after 5 days of incubation increased marked-
ly. However, in the JDBM or JDBM coating
extracts, the cell morphologies were fusiform,
polygonal or triangular, and the cell numbers
increased evidently after 3 and 5 days of incu-
bation, which were similar to that of the nega-
tive control group.
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Analysis of cytotoxicity

Table 2 shows the optical density (OD) values
and cell relative growth rates (RGRs). The OD
values in different concentrations of JDBM and
JDBM coating extracts increased gradually with
incubation time, but the OD was lower than the
initial value after 5 days of incubation with high
concentrations of Zn-3Cu and Zn-3Cu coating
extracts. The values of the RGR in the JDBM
group and JDBM coating group were all greater
than 90%. According to ISO 10993-5: 1999,
the cytotoxicity of these extracts was graded

Am J Transl Res 2020;12(1):19-31
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Zn—3Cu alloy

1 day 3 days 5 days

100% concentration 80% concentration 40% concentration hegative control

JDBM alloy
1 day 3 days 5 days

Figure 3. Comparison of the morphologies and numbers of L-929 cells cultured in Zn-3Cu and JDBM extracts. Cells
cultured in JDBM extract were fusiform, polygonal or triangular and increased evidently with the prolongation of
time, while cells cultured in Zn-3Cu extract became round with increasing extract concentration, and the dead cells

increased markedly with the extension of time.

0-1. Conversely, the values of some RGRs in
the Zn-3Cu group and Zn-3Cu coating group
were less than 75%, and the cytotoxicity of
these extracts was graded 2-4. Thus, the JDBM
and JDBM coating extracts are safe, while the
Zn-3Cu and Zn-3Cu coating extracts are toxic.

In vivo experiment

Analysis of the cytotoxicity indicted that Zn-3Cu
and Zn-3Cu coating extracts are toxic for cells,
so we only implanted the JDBM and JDBM coat-
ing alloys into the bile duct of beagles.

General state of the animals

Animals were evaluated at predetermined ti-
mes. The beagles in each group grew well and
could perform free activities. The diet, drink-
ing and defecation were normal. Postoperative
complications such as inflammation, bleeding,
pyogenesis and body fluid effusion did not
occur in any animals. All animals survived until
the end of the trial and maintained a stable
body weight.
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Biochemical results

After implantation of the samples, no postop-
erative adverse events occurred in all animals
throughout the experimental process. The chan-
ges in serum magnesium, ALT, AST, TB, BUN
and CREA are presented in Figure 5. The pre-
operative value of all the biochemical indica-
tors in the different groups showed no mean-
ingful difference (P>0.05). No significant differ-
ences were detected in any of the biochemical
indicators before and after surgery. Moreover,
the postoperative value of biochemical indica-
tors in the same group at different time points
and in different groups at same time points did
not differ significantly (P>0.05).

Degradation characterization

As listed in Figure 6A, the surface corrosion,
which was incomplete, rough and uneven, be-
came increasingly obvious with extension of
the implantation time. Moreover, degradation
of the JDBM coating alloy was slower than that

Am J Transl Res 2020;12(1):19-31
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7Zn-3Cu coating alloy JDBM coating alloy
1 day 3 days 5 days

100% concentration 80% concentration 40% concentration negative control

Figure 4. Comparison of the morphologies and numbers of L-929 cells cultured in Zn-3Cu coating and JDBM coating
extracts. Cells retained their original morphology and increased in number along with the culture time extension in
the JDBM coating extract, while the cells became round and decreased markedly in number with increasing extract
concentration in the Zn-3Cu coating extracts.

Table 2. The Optical density (OD) and cell relative growth rate (RGR)

Groups Extracts 1 day 3 days 5 days

(%)  OD(Mean +SD) RGR (%) OD(Mean+SD) RGR (%) OD (Mean+SD) RGR (%)
Negative control 0 0.236+0.028 100 0.843+0.113 100 1.109+0.172 100
Zn-3Cu alloy 40 0.220+0.002  76.62  0.698+0.067 78.54  0.939+0.529  81.88

80 0.208+0.003 57.71 0.563+0.086  58.41 0.599+0.128  45.78
100 0.193+0.009  35.33 0.462+0.039  43.47 0.180+0.003 1.47
Zn-3Cu coating 40 0.224+0.002  82.58 0.739+0.125  84.62 1.047+0.190  93.41
80 0.222+0.002  78.61 0.704+0.114  79.37 1.029+0.233  91.53
100 0.219+0.006 75.12 0.649+0.021  70.62 0.618+0.149  46.74
JDBM alloy 40 0.245+0.016  113.43  0.888+0.100 106.63 1.300+0.146  120.29
80 0.240+0.006  105.97 0.851+0.223  101.19 1.203+0.118 110.00
100 0.232+0.023  94.53 0.842+0.042  99.85 1.042+0.215 92.83
JDBM coating 40 0.293+0.024  177.61 0.87+0.026  103.95 1.360+0.211 126.74
80 0.279+0.030 164.68  0.855+0.027 101.73 1.306+0.149  120.99
100 0.273+0.034 155.72  0.842+0.045 99.9 1.048+0.129  93.47

of the JDBM alloy. Figure 6B, 6C shows the sur- als was covered with corrosion products and
face morphologies and the EDS results of the was rough and uneven. The surface cracks in
residual materials after 3 months of im- the JDBM alloy were greater in number and
plantation. The surface of the residual materi- deeper than those in the JDBM coating alloy,
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Figure 5. Variations in biochemical indicators. There were no statistically
significance differences in serum magnesium (A), ALT (B), AST (C), total
bilirubin (D), serum urea nitrogen (E), and creatinine (F) before and after

surgery.

which was consistent with the in vitro degrada-
tion experiment. The EDS analysis demonstrat-
ed that the corrosion products on the surface
of the JDBM alloy consisted of O, C, Ca, Mg and
Si, and the corrosion products on the surface of
the JDBM coating alloy included O, C, Ca, Mg, Si
and P.

Histological evaluation and immunohistochem-
istry analysis

Figure 7 provides a picture depicting the results
of the histological evaluation. Hepatocytes did
not show significant swelling or necrosis, and
the hepatic duct did not expand. The spleen
and kidney (renal glomerulus and renal tubules)
retained their original structure, and no edema
or inflammation was observed. No significant
cell swelling or necrosis, infiltration of neutroph-
ils and monocytes and apoptotic bodies were
detected in the CBD tissue. Figure 8 de-
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ed that JDBM coating alloy is
the best for both the biocom-
patibility and the degradation
rate.

Biomaterials must have good

biocompatibility to ensure se-
curity of clinical application [15]; thus, the eval-
uation of biocompatibility of biomaterials is an
indispensable step before clinical experiments.
The cytotoxicity test is a fast, inexpensive and
reproducible method to determine biomaterial
biocompatibility by detecting the effect of a
material or its extract on cell growth. In our
study, to ensure the medical safety of the
Zn-3Cu alloy, Zn-3Cu coating alloy, JDBM alloy
and JDBM coating alloy, we first performed an
in vitro cytotoxicity test, and the results indi-
cated that the JDBM alloy extracts and JDBM
coating coating alloy extracts showed no dam-
age to cells. Cells cultured in JDBM alloy
extracts and JDBM coating alloy extracts were
normal and healthy, similar to the negative
group cells. The cytotoxicity of the JDBM alloy
extracts and JDBM coating alloy extracts were
grades O-1. Furthermore, the Zn-3Cu alloy
extracts and Zn-3Cu coating alloy extracts were
toxic to cells. Cells cultured in the Zn-3Cu alloy

Am J Transl Res 2020;12(1):19-31
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Figure 6. The appearance changes, surface morphologies and EDS results of residual materials after 3 months of implantation. Surface corrosion became increas-
ingly obvious with the extension of implantation time (A). Surface cracks in the JDBM alloy were deeper than those in the JDBM coating alloy (B and C, respectively).
The corrosion products on the surface of the JDBM alloy included O, C, Ca, Mg and Si, and those on the surface of the JDBM coating alloy included O, C, Ca, Mg, Si
and P (D).
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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.

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
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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 — Mg?* + 2e-; cathodic reac-
tion: 2H,0 + 2e- — H, + 20H; Mg> + 20H —
Mg(OH),.

Am J Transl Res 2020;12(1):19-31
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Figure 8. The results of immunohistochemical staining of capase-3 and Bcl-2 (DAB, x 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.

Bile is a complex substance containing organic
and inorganic solutes, such as bilirubin, bile
acids, cholesterol, phospholipids, Na*, K*, Ca?*,
Mg, CI, HCO, and PO,* [24]. Thus, the degra-
dation process in bile is more complex than in
aqueous solution. The chloride ions (CI) from
bile can further transform Mg(OH), into MgCl,,
resulting in an excess of OH" in bile. Ca**, PO,*
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.
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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
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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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