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ARTICLE INFO ABSTRACT

In recent years, due to unhealthy dietary habits and other reasons, advanced esophageal cancer patients are on
the rise, threatening human health and life safety at all times. Stents implantation as an important com-
plementary or alternative method for chemotherapy has been widely applied in clinics. However, the adhesion
and proliferation of pathological cells, such as tumor cells, fibroblasts and epithelial cells, may interfere the
efficacy of stents. Further multiple implantation due to restenosis may also bring pain to patients. In this con-
tribution, we preferred a biodegradable material Mg-Zn-Y-Nd alloy for potential application of esophageal
stent. The hardness testing showed that Mg-Zn-Y-Nd alloy owned less mechanical properties compared with the
commercial esophageal stents material, 317L stainless steel (317L SS), while Mg-Zn-Y-Nd displayed sig-
nificantly better biodegradation than 317L SS. Cell apoptosis assay indicated Mg-Zn-Y-Nd inhibited adhesion
and proliferation of tumor cells, fibroblasts and epithelial cells. Our research suggested potential application of
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Mg-Zn-Y-Nd alloy as a novel material for biodegradable esophageal stent.

1. Introduction

Esophageal cancer is a common digestive tract cancer. About
300,000 people die of esophageal cancer every year in the world [1].
The incidence and mortality of esophageal cancer vary greatly from
country to country. The main treatment of esophageal cancer is surgical
resection combined with radiotherapy and chemotherapy. However,
surgical treatment for advanced esophageal cancer patients is not ideal,
the 5-year survival rate of patients is only 10%-15% [2]. Some studies
have found that in palliative therapy, stent implantation as an alter-
native treatment can significantly improve the quality of life of patients
and prolong their life span [3,4]. However, the problem with this new
therapy is that the stent material (317L stainless steel) has good bio-
compatibility, so it cannot prevent tumors, granulation and fibrous
tissue overgrowth along the stent grid or from both ends to the eso-
phagus [5]. Reciprocating instrumentation brings great pain to patients,
and the high hardness of 317L SS also brings extra pain to patients.
Therefore, choosing a suitable material can not only inhibit the growth
of esophageal cancer cells, but also alleviate the pain of patients caused
by high hardness, which has become a bottleneck restricting the de-
velopment of esophageal cancer stents.
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Magnesium alloy as a biodegradable material has been extensively
studied in various cavity stents fields due to their good biocompatibility
[6]. Their biodegradability is considered to be the best solution for
repeated implantation of instruments [7]. Additionally, their alkaline
degradation products can further neutralize the acidic pH environment
at the site of cancer lesions, thereby inhibiting cancer cells [8]. Thus, in
this study, we prefer a Mg-Zn-Y-Nd alloy, which has been studied a lot
in the cardiovascular stent field [6-8], as the potential biodegradable
material for esophageal stent.

2. Materials and method
2.1. Materials performance comparison of Mg-Zn-Y-Nd and 317L SS

Both the Mg-Zn-Y-Nd (preserved in our laboratory) and 317L SS
plates (Baoji, China) were cut into small discs with the 8 mm diameter
and polished as the previous reports described [9,10]. The morphology
and roughness of the clear Mg—Zn-Y-Nd alloy and the 317L SS control
were observed by 3D optical microscopy (NPFLEX, Bruker, Madison,
USA) [11]. To investigate the mechanical property of the Mg-Zn-Y-Nd
alloy and 317L SS control, surface hardness was detected as our
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Fig. 1. (A) 3D optical microscopy images and (B) surface roughness of Mg-Zn-Y-Nd and 317L SS (mean + SD, n = 3).
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Fig. 2. (A) Microhardness and (B) water contact angles of Mg-Zn-Y-Nd and 317L SS surfaces (mean = SD, n = 6).

previous work described [8]. The wettability of the Mg-Zn-Y-Nd alloy
and 317L SS surface was examined by a water contact angle instrument
[12]. Electrochemical tests were performed to investigate the biode-
gradability of the Mg-Zn-Y-Nd alloy and 317L SS control [6,7]. The
surface morphologies of the Mg-Zn-Y-Nd alloy and 317L SS control
were observed by scanning electron microscopy (SEM, FEI Quanta 200,
Eindhoven, Holland) after immersed in the Hank's solution for 1 day, 3
days, 7 days, 10 days, 22 days and 30 days. The corrosion rates of the
samples (Mg-Zn-Y-Nd alloy and 317L SS) after immersion and the pH
change of Hank's solution were also determined [13].

2.2. Anti-cancer function of the Mg-Zn-Y-Nd alloy

To investigate the function of Mg-Zn-Y-Nd alloy on inhibiting
esophageal cancer cells, the Ecal09 (Esophageal cancer cells) cell line
were seeded on the Mg-Zn-Y-Nd alloy and the 317L SS control with a
concentration of 2 x 10* cells/ml, and cultured in an incubator with
the environment of 37 °C and 5% CO, for 4 h, 1 day and 3 days, re-
spectively [14]. A cell-permeable acridine orange (AO) in combination
with a plasma membrane-impermeable DNA-binding dye ethyl bromide
(EB) was used to detect apoptosis or necrosis of Ecal09 cells. AO and EB
excite green and orange fluorescence respectively when they are in-
tercalated into DNA. Only AO but not EB can cross the plasma mem-
brane of normal cell [15]. The vital rates of Ecal09 cells on
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Mg-Zn-Y-Nd and the 317L SS was counted and calculated from 15
images [16].

To further investigate the behaviors of the pathological cells related
to esophageal cancer, 1929 cell line (Fibroblast), Het-1A cell line
(Human esophageal epithelial cells) and macrophages (Inflammatory
cells) were also seeded on the Mg-Zn-Y-Nd and the 317L SS, and
evaluated as described above.

2.3. Statistical analysis

The data are expressed as the mean + standard deviation (SD).
Statistical analysis was applied as one-way analysis of variance fol-
lowed by Tukey test, while p values < 0.05 suggesting significant
difference. The Origin Pro2018 software (OriginLab, Northampton, MA,
USA) was used in the research.

3. Results and discussion
3.1. Material properties comparison of Mg-Zn-Y-Nd and 317L SS

Fig. 1 displayed the morphologies and roughness of the
Mg-Zn-Y-Nd and 317L SS surfaces: Both metals showed smooth sur-

faces with average roughness of only tens of nanometers, wherein
Mg-Zn-Y-Nd had rougher surface (57.08 *+ 4.05 nm) compared with

22 days
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Fig. 4. SEM images of the 317L SS and Mg-Zn-Y-Nd surfaces after immersed in the Hank's solution for 1 day, 3 days, 7 days, 10 days, 15 days, 22 days and 30 days.
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Fig. 5. (A) pH values of the Hank's solution and (B) corrosion rates from different metals groups for 1 day, 3 days, 7 days, 10 days, 15 days, 22 days and 30 days

(mean * SD,n = 3).
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Fig. 6. (A) AO/EB staining images and (B) vital ratios of Ecal09 on the Mg-Zn-Y-Nd and 317L SS surfaces for 4 h, 1 day and 3 days (*p < 0.05, mean * SD,

n = 3).

317L SS (32.20 =+ 3.63 nm); the relative smooth surfaces can avoid
extra pain to patients during implantation. Fig. 2A presented the sur-
face microhardness of the Mg-Zn-Y-Nd and 317L SS: It was obvious
that the Mg-Zn-Y-Nd had a lower microhardness compared to the
traditional medical metal 317L SS, which might be better features to
solve the problem of extra injury and pain caused by the high hardness
of the existing 317L SS esophageal cancer stent. In addition, the
Mg-Zn-Y-Nd showed higher water contact angle than the 317L SS
(Fig. 2B), which could reduce the contact probability between patho-
logical cells and metal surface as much as possible, so as to inhibit the
adhesion of pathological cells.

Electrochemical test is a typical method to evaluate the metals'
degradability. Fig. 3 presented the typical polarization curves of the
317L SS and Mg-Zn-Y-Nd in simulated body fluid (SBF). Corrosion
potential (E.,,) and corrosion current density (I.,,) were also sum-
marized in Fig. 3. The metals' degradability was determined by their
corrosion current density and resistance. From Fig. 3, The E.,.
(—1.49 V) of Mg-Zn-Y-Nd was much lower than that of 317L SS

(—0.25 V), indicating that Mg-Zn-Y-Nd was easier to degrade; The I..,,
of Mg-Zn-Y-Nd (24.93 pA/cmZ) was three orders of magnitude higher
than that of 317L SS (0.017 pA/cm?), indicating that the degradation
rate of Mg-Zn-Y-Nd was much higher than that of 317 LSS. The Z..
value (8450 Q/cm?) of Mg-Zn-Y-Nd was 88.76% lower than that of
317L SS (75,190 Q/cm?), which also showed that the corrosion re-
sistance of Mg-Zn-Y-Nd was weaker than that of 317L SS. All the re-
sults indicated that Mg-Zn-Y-Nd was a highly degradable metal com-
pared with 317L SS. In order to observe the biodegradation of the
Mg-Zn-Y-Nd directly, Mg-Zn-Y-Nd and 317L SS were immersed in
Hank's solution and kept at 37 °C, then taken out at the 1st day, 3rd day,
7th day, 10th day, 15th day, 22nd day and 30th day, respectively, and
their morphologies were observed by SEM. The Mg-Zn-Y-Nd showed
an obviously porous surface, and as time went on, more and bigger
porous structures appeared on the surface due to degradation, while the
317L SS showed a flat surface (Fig. 4), which indicated the
Mg-Zn-Y-Nd had better Biodegradability than 317L SS. The corrosion
rate showed consistent results with the SEM images: Mg-Zn-Y-Nd had
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Fig. 7. (A) AO/EB staining images and (B) vital ratios of L929 on the Mg-Zn-Y-Nd and 317L SS surfaces for 4 h, 1 day and 3 days (*p < 0.05, mean = SD,n = 3).

markedly higher corrosion rate compared to 317L SS (Fig. 5B). In ad-
dition, the pH values of Hank's solution from different groups varied
significantly: the pH of 317L SS decreased with time, and the value
reached to pH 7.0 at the 14th day, and still kept under this value till the
30th day, suggesting a weak acid environment; the pH of Mg-Zn-Y-Nd
was always above 7.0, and it gradually showed an upward trend within
16 days, and remained at the highest value until the 30th day (Fig. 5A).
The focus of advanced esophageal cancer is in acidic environment for a
long time due to inflammation and canceration. Thus, implants can
create alkaline environment through direct contact and biodegradation
in order to ameliorate the harsh acidic environment, and promote the
treatment of esophageal cancer. At this point, Mg-Zn-Y-Nd had a un-
ique advantage over 317L SS.

3.2. Anti-cancer function of the Mg-Zn-Y-Nd alloy

The AO/EB staining images showed that there were obviously fewer
Ecal09, 1929, Het-1A and macrophages on the Mg-Zn-Y-Nd alloy

surface than those on the 317L SS (Fig. 6A, Fig. 7A, Fig. 8A and
Fig. 9A). In addition, with the passage of time, the numbers of patho-
logical cells on the surface of Mg-Zn-Y-Nd alloy decreased gradually or
maintained at a lower value, while the number of pathological cells on
the surface of 317LS increased rapidly. This phenomenon indicated that
the traditional 317L SS metal had no additional inhibitory effect on
esophageal cancer related pathological cells, while Mg-Zn-Y-Nd sig-
nificantly inhibited those cells. The vital ratios showed consistent re-
sults with the fluorescence images: Mg-Zn-Y-Nd had significantly
lower vital ratios of Ecal09, L929, Het-1A and macrophages than the
317L SS. The esophageal cancer cells (Ecal09), myofibroblasts (L929)
and esophageal squamous cells (Het-1A) participate restenosis in eso-
phageal stent, and macrophages are the main pathological cells in-
volved in the inflammatory response [17,18]. All the data indicated
that choosing Mg-Zn-Y-Nd as the novel biodegradable metal had ef-
fective inhibition on these cells.
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Fig. 8. (A) AO/EB staining images and (B) vital ratios of Het-1A on the Mg-Zn-Y-Nd and 317L SS surfaces for 4 h, 1 day and 3 days (*p < 0.05, mean * SD,

n = 3).

4. Conclusions

In summary, Mg-Zn-Y-Nd alloy is an ideal metal for potentially
application of esophageal stent with the advantages of biodegradability,
lower hardness, and strong inhibition of esophageal cancer related
pathological cells. It can be expected that the combination of magne-
sium alloy and surface modification technology will greatly improve
the function of esophageal cancer stent and the quality of life of patients
with advanced esophageal cancer.
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