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Abstract: In this study, the process of ligating blood vessels via biodegradable Mg alloy hemostatic
clips with toothless, transverse teeth, and embedded teeth was simulated through finite element anal-
ysis (FEA). The results showed that the transverse tooth clip caused the minimum stress (0.81489 MPa)
to blood vessels. Furthermore, the effects of clips with transverse teeth of different parameters, includ-
ing lower tooth length, tooth height, and tooth pitch, on clamped blood vessels were studied. The
numerical simulation results showed that the three optimal parameters for clips with transverse teeth
were 0.2,0.1, and 0.1 mm, respectively. Then, the optimally designed clip based on the Mg-Nd-Zn—-Zr
alloy was manufactured and evaluated using immersion tests. Results from the corrosion behavior
study showed that closed clips (0.118 & 0.041 mg-cm~2-day ') corroded slightly faster than open
clips (0.094 + 0.041 mg-cm~2-day~!). Moreover, micromorphological observations showed that no
cracks appeared on the closed clips, indicating that the Mg alloy had excellent performance and
avoided stress corrosion cracking (SCC). Thus, the new type of Mg alloy clip kept good blood vessel
closure during FEA and exhibited no corrosion cracking during the degradation process, making it a
promising candidate for applications with biodegradable hemostatic clips.

Keywords: biodegradable Mg alloy; hemostatic clip; finite element analysis; structural design;
corrosion behavior

1. Introduction

Hemostatic clips are commonly used in laparoscopic surgery to achieve adequate
hemostasis, and they can also be used as radiopaque markers and fixation tools when clos-
ing perforations and fistulas [1,2]. At present, hemostatic clips made of pure titanium (Ti)
or its alloys are most regularly employed in abdominal surgery due to their high strength
and excellent biocompatibility, which ensure complete occlusion of blood vessels [3]. How-
ever, Ti clips that remain in the body permanently may cause long-term adverse reactions,
requiring a second surgical intervention to remove them [4]. In addition, Ti alloys can lead
to artifacts in computed tomography (CT) or magnetic resonance imaging (MRI), making
diagnosis of the operation area difficult [5]. Moreover, it has been reported that Ti alloys
can cause allergic reactions in some patients [6,7].

In order to eliminate the disadvantages of permanent clips, hemostatic clips can be
degraded and absorbed in the human body after completing their hemostatic function [8].
In the 1990s, absorbable polymeric hemostatic clips were developed, with Lapro-clips
being typical representatives, that could successfully ligate tissue during appendectomies
without causing postoperative complications such as bleeding or wound infection [9].
However, due to the low elasticity modulus and strength of the material, the size of
the absorbable polymer clips was enlarged to meet mechanical property requirements.
Moreover, absorbable polymer clips are expensive, which is challenging for ordinary people.
These drawbacks have limited the widespread application of absorbable polymeric clips.
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Currently, magnesium (Mg) and its alloys have emerged as important metallic implant
materials due to their excellent biocompatibility and biodegradability [10-12]. Mg is an
essential element for the human body and plays an important role in normal metabolic
processes [13]. Excess Mg cations can be absorbed by the surrounding tissues or excreted
through urine in the human physiological environment without causing toxicity [14]. In
addition, the density and Young’s modulus of Mg alloys are similar to those of human
bone, enabling Mg-based orthopedic implants to reduce the stress shielding effect [15]. To
date, Mg alloys have been extensively studied in orthopedic implants [16], cardiovascular
stents [17,18], and tissue engineering scaffolds [19]. Unfortunately, rapid degradation of
Mg alloys may result in deterioration of the mechanical properties of the implants before
tissues have completely healed, which hinders their clinical application as load-bearing
implant devices [13,20]. Meanwhile, rapid corrosion of Mg alloys accompanied with the
evolution of large amounts of hydrogen gas can lead to the formation of gas cavities, and a
shift to alkaline conditions surrounding the implants may cause adverse effects, such as
tissue inflammation or alkalosis [21-23]. However, the mechanical strength of the material
required for hemostatic clips only needs to be maintained for approximately two weeks;
therefore, the corrosion resistance of Mg alloy clips is not as strict as that for orthopedic
implants [3,4,8]. Several studies exploring Mg alloy hemostatic clips have been published
in recent years. Ikeo et al. fabricated a biodegradable Mg-Zn-Ca hemostatic clip that
successfully ligated the renal veins of rats without causing tissue inflammation around the
implantation area [1]. Yu et al. developed a new Mg-Zn-Ca-Y alloy clip that successfully
occluded the carotid artery of a rat with no adverse reactions after surgery [8].

In this work, Mg-Nd-Zn—Zr alloy, which exhibited uniform corrosion behavior, ex-
cellent mechanical properties, and blood compatibility in previous studies [24,25], was
applied to develop a new type of biodegradable hemostatic clip. The structure of the clip
was designed and optimized through finite element analysis, aiming to achieve complete
occlusion of blood vessels while inducing only minor mechanical damage. Then, the op-
timally designed clip was fabricated using the electrical discharge wire-cutting method.
Furthermore, in vitro immersion tests were used to evaluate the corrosion behavior of the
Mg alloy clip, and the underlying degradation mechanism of the material was characterized
to gain a better understanding of the clip corrosion process in artificial plasma.

2. Materials and Methods
2.1. Structural Design and Optimization

The structural dimensions of the designed Mg-Nd—-Zn—Zr alloy hemostatic clips are
shown in Figure 1 (denoted as NS, TS, and FS, respectively). It can be seen that the thickness
of all the clip arms gradually increases from the tail end to the top. The circular opening
at the top of the NS clip is small, which allows blood vessels to be clamped more tightly
(Figure 1a). The TS clip structure has tiny transverse teeth (Figure 1b). The FS clip structure
has tiny vertical teeth (Figure 1c). Figure 1d depicts the tooth profile parameters: L2 is the
lower tooth length; L1 is the upper tooth length (L2 = 2L1); h is the tooth height; and p is
the tooth pitch.

According to the results of the finite element analysis (Section 3.1), the TS clip slightly
reduced the damage to blood vessels compared to the NS and FS clips. Then, the clip
with transverse teeth was further optimized. Three different tooth profile parameters
were chosen to modify the structural design, and the specific size parameters are shown
in Table 1.
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Figure 1. Structural dimensions of the designed hemostatic clips: (a) NS; (b) TS; (c) FS; (d) Schematic
diagram of tooth profile parameters (mm).

Table 1. Size parameters of transverse tooth clips.

Number Tooth Length Tooth Height Tooth Pitch Denotation
L1 (mm) L2 (mm) h (mm) p (mm)
0.1 0.2 TS1
1 0.15 0.3 0.1 0.1 TS2
0.2 0.4 TS3
0.1

2 0.1 0.2 0.15 0.1 TS4
0.2 TS5

0.1
3 0.1 0.2 0.1 0.2 TS6
0.3 TS7

2.2. Finite Element Analysis of Mg Alloy Clip

The geometric models of the hemostatic clips and blood vessels were established using
Unigraphics NX 10.0 software (Siemens PLM Software, Dallas, Texas, TX, USA) in this
work. Mg-Nd-Zn-Zr alloy was used as the material for the hemostatic clips. The selected
middle vein segment had an inner diameter of 2.5 mm, wall thickness of 0.25 mm, and
length of 10 mm. The Mooney-Rivlin 5 model was used as the material for the blood
vessels. Table 2 lists the specific parameters of the Mg-Nd-Zn-Zr alloy and Mooney-Rivlin
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5 model. The assembled model of the Mg alloy clip and blood vessel was imported for
finite element analysis in ANSYS Workbench 19.2 software (ANSYS, Canonsburg, PA, USA)
and meshed. The insides of both arms of the hemostatic clip were arranged in contact
with the outer surface of the blood vessel. Both ends facing the vessel segment were fully
fixed. Displacement changes were applied to the two arms of the hemostatic clip. Finally,
a nonlinear solution was performed in ANSYS Workbench software19.2. The stress and
strain distribution of the hemostatic clip and blood vessel induced by ligating the blood
vessel with the clip were obtained in the simulation.

Table 2. Material parameters of Mg-Nd-Zn-Zr alloy and Mooney-Rivlin 5 model.

Materials Input Parameters

Density = 1.8 g/cm3
Mg-Nd-Zn-Zr alloy Young’s modulus = 42 GPa
Poisson’s ratio = 0.35

C10 = 1.89 x 10* Pa
C01 = 2.75 x 10° Pa

Mooney-Rivlin 5 model C20 = 8572 x 10* Pa
C11 = 5.9043 x 10° Pa
C02=0Pa

Incompressible parameters D1 =5 x 107> Pa~!

2.3. Sample Preparation

The prepared as-extruded Mg-Nd—-Zn—Zr alloy rods were cut into @12 mm x 1.2 mm
sheets. The wire-cutting process was applied to cut circular sheets into the shape and size
of the TS1 clip for immersion tests. The samples were ground to a thickness of 1 mm using
SiC paper #7000 and then polished using a polishing agent. After ultrasonically cleaning
the samples in absolute ethanol for 5 min, the clips were placed in a constant temperature
drying oven for 24 h.

2.4. Microstructural Observation

The cold mounting method was used to mold the hemostatic clips for microstructural
observation into epoxy resin, with only one side exposed. The samples were successively
ground using SiC papers #320, #1200, #3000, and #7000 with the vertical scratch method
and then cleaned with alcohol. After drying, the polished samples were etched with picric
acid solution (4.2 g picric acid + 10 mL acetic acid + 10 mL distilled water + 70 mL alcohol).
The corroded samples were rinsed with alcohol, followed by drying in a drying dish for
2 h. Microstructural observations were conducted using a Leica DM2700M metallographic
microscope. The corrosion morphologies of the samples were observed using field emission
scanning electron microscopy (FE-SEM, GeminiSEM 300, ZEISS, Baden-Wurttemberg,
Germany). The element content was analyzed using energy disperse spectroscopy (EDS,
AZtec X-MaxN 80, Oxford Instruments, Oxford, UK) equipped with SEM. The phase
composition was analyzed using an X-ray diffractometer (XRD, Rigaku SmartLab, Rigaku,
Akishima, Japan) with a standard Cu target, 40 kV working voltage, 200 mA working
current, scanning range of 20°-80°, and scanning speed of 5° /min. Spectral analysis was
performed using X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher
Scientific, Waltham, MA, USA).

2.5. In Vitro Corrosion Properties

In this research, in vitro immersion tests were performed in artificial plasma to study
the biocorrosion behaviors of the Mg-Nd-Zn-Zr alloy clips. The components of the artificial
plasma are listed in Table 3. Immersion tests of the Mg-based clips were conducted
according to ASTM-G31-72. The pH value of the artificial plasma was adjusted to 7.4
with HCl before the experiments. The ratio of artificial plasma volume (mL) to the clip
surface area (cm?) was set to 1.8 mL/mm?. The artificial plasma was kept at 37 + 0.5 °C
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during the experiments, and the solution was renewed every 24 h. The pH value of the
solution for each 24 h immersion of the Mg alloy clips was measured using a pH meter
(SMART, Dongguan Wanchuang Electronic Products, Guangdong, China). The volume
of hydrogen gas produced by degradation of the Mg alloy clips was recorded using an
inverted graduated pipette. After 14 days of degradation, the samples were removed from
the artificial plasma. Then, the samples were cleaned with standard CrO; solution, as
recommended by ASTM-G1-90, to remove corrosion products formed on the surface. For
the weight loss experiment, three sets of parallel samples were tested from each group, and
the corrosion rate (CR) was calculated according to the following formula:

CR = (8.76 x 10* x W)/(A x T x D) 1)

where W (g) is the weight change before and after immersion, A (cm?) is surface area of the
Mg-based clip exposed to artificial plasma, T (h) is the immersion time, and D (g/cm?) is
the density of the Mg-Nd-Zn-Zr alloy.

Table 3. Components of the artificial plasma (g/L).

NaCl CaCl, KC1 MgSO, NaHCO3 Na,HPO, NaH,PO,
6.8 0.2 0.4 0.1 2.2 0.126 0.026
3. Results

3.1. Numerical Simulation Results and Analysis

Figure 2a—c show cloud images of the deformation of the hemostatic clips (NS, TS, and
FS). The tip deformations of the three operative clips were all approximately 2.7 mm, and
the blood vessels were fully occluded, which met the requirements of the surgery. Figure 2d
shows the results of the equivalent plastic strain distribution of the TS clip after closing the
vessel. The maximum plastic strain occurred at the inner arc of the top of the clip, which is
the area of stress concentration. The strain cloud image of a blood vessel closed by the TS
clip is shown in Figure 2e, and the maximum vascular strain was 0.28732. The largest area
of vascular strain, as shown in Figure 2f, was located on the inside of the vessel wall.
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Figure 2. Finite element analysis results of hemostatic clips and blood vessels: (a—c) Deformation
cloud images of the clips (NS, TS, and FS); (d) Equivalent plastic strain distribution cloud map of
TS clip after occluding the vessel; (e) Strain distribution of the vessel clamped by TS clip; (f) Strain
distribution of the vessel clamped by TS clip (cross-sectional view).
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Figure 3a shows the numerical results of finite element analysis of the hemostatic
NS, TS, and FS clips, in which the NS clip was used as the control group. The maximum
equivalent plastic strain of the TS clip was 0.35209, which was the lowest strain among the
three groups. The maximum equivalent stress (0.81489 MPa) produced by the TS clip in
the blood vessel was 7.46% lower than that produced by the NS clip (0.88058 MPa) in the
same vessel. The TS clip with tiny transverse teeth could prevent the blood vessel segment
from being clamped too tightly, thereby reducing pressure on the vessel. In addition, the
maximum equivalent stress produced by the FS clip (1.6325 MPa) in the blood vessel was
85.39% higher than that produced by the NS clip (0.88058 MPa) in the vessel. The FS clip
exerted greater stress in the blood vessel because the upper and lower tooth surfaces of
the embedded teeth were completely fitted, which could produce greater shear force on
the clamped venous segment. The results showed that the design of the tooth shape had a
significant impact on the stress distribution in the blood vessel. Moreover, the concentration
of local stress in the blood vessel was inevitable after ligating the vessel with the surgical
clip. However, reasonable structural design is a practical way to minimize stress in the
blood vessel. Among the three preliminary designs, the TS clip was a better structure
because it exerted the lowest maximum plastic strain and caused the least maximum
equivalent stress to the venous segment.
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Figure 3. Numerical results of the finite element analysis of the hemostatic clips with different
structural designs: (a) Maximum equivalent plastic strains of the Mg alloy clips and maximum
equivalent stress of blood vessels; (b) Variation curves of the maximum equivalent plastic strain
of the Mg-based clip with the lower tooth length and maximum equivalent stress of blood vessels;
(c) Curves of the plastic strain of the clip with tooth height and maximum stress of blood vessels;
(d) Curves of the maximum strain of the clip with tooth pitch and maximum stress of blood vessels.
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The finite element analysis results of the clips (TS1, TS2, and TS3) with different tooth
lengths are shown in Figure 3b. It can be seen that both the maximum plastic strain of the
clips and maximum equivalent stress in blood vessels were increased with the lower tooth
length. When the lower tooth length was 0.4 mm, the maximum equivalent stress produced
by the TS3 clip (1.0581 MPa) in the blood vessel was 28.98% higher than that produced by
the TS2 clip (0.82039 MPa) in the vessel. When the lower tooth length was 0.2 mm, the TS1
clip produced the lowest maximum equivalent stress in the blood vessel among the three
groups. Consequently, the TS1 clip was the optimal design among the three clips, with L2
and L1 parameter values of 0.2 mm and 0.1 mm, respectively.

The finite element simulation results of the clips (TS1, TS4, and TS5) with different
tooth heights are shown in Figure 3c. It can be seen that the maximum plastic strain of the
Mg alloy clip increased and then decreased with increasing tooth height, which was similar
to the maximum equivalent stress in the blood vessel. The stress produced by the TS1 clip
in the blood vessel was close to that produced by the TS5 clip. When the tooth height was
0.1 mm, the TS1 clip produced the lowest maximum plastic strain on the hemostatic clip
among the three structures, indicating that the TS1 clip was the optimal design.

The finite element simulation results of the clips (TS1, TS6, and TS7) with different
tooth pitches are shown in Figure 3d. It can be seen that the maximum plastic strain of
the clip was proportional to the tooth pitch. The lowest maximum plastic strain on the
hemostatic clip among the three structures occurred when the tooth pitch was 0.1 mm. In
addition, the maximum equivalent stress in the blood vessel increased and then decreased
with increasing tooth pitch. When the tooth pitch was 0.3 mm, the TS7 clip produced the
lowest maximum equivalent stress on the blood vessel among the three groups. However,
the TS7 clip had the largest maximum plastic strain, which was likely to cause cracks during
practical use. Considering the structural safety of the hemostatic clip and damage to blood
vessels, the optimal parameter of the tooth pitch was 0.1 mm among the three clips. Finally,
based on the results of the finite element analysis, the TS1 clip was considered to be the
best option among all of the structural designs.

3.2. Sample Preparation and Microstructural Observations

The hemostatic clips manufactured from the Mg-Nd-Zn-Zr alloy are shown in Figure 4a.
The XRD pattern of the Mg alloy is shown in Figure 4b, and the volume fraction of Mg;,Nd
calculated by MDI Jade 6 software (Materials Data, Livermore, CA, USA) was 1.2%. Table 4
lists the chemical composition of the Mg-Nd-Zn-Zr alloy. Neodymium (Nd) is non-toxic
rare earth (RE) metal element, and the intermetallic phase Mg,;,Nd (Figure 4b) formed by
Nd and Mg can hinder the movement of dislocations and strengthen the alloy [26]. The
microalloying of Zn can improve the ductility of Mg alloys [17,27]. In aluminum-free Mg
alloys, Zr is a grain refiner, which is beneficial for refining the grain size and improving
the mechanical properties of Mg alloys [26,28]. The typical regions selected for optical
observation are shown in Figure 5a. It is clear that the grains of the Mg-Nd-Zn-Zr alloy
are fine and uniform (Figure 5b). The average grain size of the Mg alloy measured using
LAMOS software was 19.49 £ 1.41 um. It is visible from the images that a few twins
appeared in the stress concentration region after the Mg alloy clip was closed (Figure 5¢,d),
and the width of the twins was approximately 11.57 um.

Table 4. Chemical composition of the Mg-Nd-Zn-Zr alloy.

Element Nd Zn Al Zr Mn Mg
wt.% 2.5 0.21 - 0.44 - Bal.
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Figure 4. Mg alloy clips and the phase composition: (a) Image of hemostatic clips manufactured from
Mg-Nd-Zn-Zr alloy; (b) XRD pattern of Mg-Nd-Zn-Zr alloy.

Figure 5. Microstructure of the as-extruded Mg-Nd-Zn-Zr alloy clip: (a) Regions for optical observa-
tion, (b) Typical microstructure of the Mg-Nd-Zn-Zr alloy; (c) Microstructure of spectrum 1 after the
clip is closed; (d) Microstructure of spectrum 2 after the clip is closed.

3.3. In Vitro Corrosion Properties

The in vitro corrosion properties of the Mg-Nd-Zn-Zr alloy clips were investigated
using immersion tests, and hydrogen (H;) evolution and pH value were also recorded
(Figure 6). The results indicated that the H; production volume of all clips was less than
0.3 mL/cm? and the H, production volume of the closed clip was slightly higher than that
of the open clip (Figure 6a). Figure 6b shows the pH variation curves of the artificial plasma
during immersion of the surgical clips. It is obvious from the results that the pH value of
the artificial plasma increased sharply from 7.4 to 8.2 during the first day of degradation.
After 3 days of immersion, the pH value of the solution stabilized to approximately 8.9. In
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addition, the pH value of the artificial plasma for the closed group was slightly higher than
that for the open group from the 11th to 14th day of immersion.
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Figure 6. Immersion test of Mg-Nd-Zn-Zr alloy clips in artificial plasma for 14 days: (a) Volume of
Hj produced by the Mg alloy clips, (b) pH value variations of artificial plasma during immersion of
the Mg alloy clips.

The macroscopic corrosion morphology of the closed Mg alloy clip is shown in
Figure 7a, revealing that no cracks appeared on the surface of the hemostatic clip. The
micro-morphologies of the Mg alloy clips were characterized by SEM (Figure 7b—f). After
14 days of degradation, a large number of corrosion products with white particles were
produced on the surface of the hemostatic clip (Figure 7b,c). After cleaning the corrosion
products with chromic acid solution, the morphologies of the top and tail end of the closed
clip were evaluated (Figure 7d,e). The images revealed a large number of tiny corrosion pits
and a few grooves on the top surface of the clip, which indicated that the corrosion behavior
of the closed clip included pitting corrosion and filiform corrosion (Figure 7d). In addition,
more severe corrosion was evident at the top of the clip, which is the region of plastic
deformation along with stress concentration (Figure 7d,e). It is clear from the images that
the distribution of corrosion pits in the open clip was relatively uniform after removing the
corrosion products (Figure 7f). Research has shown that SCC may occur in Mg alloys under
the combined action of electrochemistry and mechanics [29]. The corrosion morphological
observations showed that no cracks appeared on the closed clip, indicating that the Mg
alloy had excellent performance and avoided SCC in artificial plasma (Figure 7a,d). Then,
the corrosion rate of the Mg alloy surgical clip in artificial plasma was calculated according
to the results of the weight loss experiment. As shown in Figure 7g, the corrosion rate of the
closed Mg alloy clip was approximately 0.118 4 0.041 mg-cm~2-day !, which was higher
than that obtained for the open clip (0.094 4 0.041 mg-cm~2-day1).

According to the SEM-EDS results (Figure 8), the corrosion products on the surface
of the Mg alloy hemostatic clip were composed of elements O, Ca, P, Mg, Na, Cl, and
K. To further determine the chemical composition of the corrosion products, XPS surface
survey scans were performed, as shown in Figure 9a—d. The full XPS spectrum showed
that the corrosion products were mainly composed of elements O, Ca, Mg, Na, and P
(Figure 9a), which was consistent with the results of the SEM-EDS analysis. The refined
spectrum of Mgls showed a single peak at 1303.98 eV, which corresponded to Mg(OH),
(Figure 9b). Both peaks at Ca2p1,; (350.78 eV) and Ca2p3/, (347.18 eV) corresponded to
Ca*" (Figure 9c). The refined spectrum of P2p showed a single peak at 133.12 eV, which
corresponded to PO;~ (Figure 9d). Therefore, the composition of the corrosion product
was mainly Mg(OH), and various calcium phosphate precipitates.
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(a)

Corrosion rate (mg-cm™-day™)

Closed

Figure 7. Corrosion behavior of Mg-Nd-Zn-Zr alloy clips in artificial plasma: (a) Macroscopic
corrosion morphology of the closed clip; (b) Micromorphology of the top region of the closed clip
after 14 days of immersion; (¢) Amplified morphology of corrosion products; (d) Surface morphology
of the top region of the closed clip after removing the corrosion products, (e) Surface morphology
of the tail end of the closed clip after cleaning the corrosion products; (f) Surface morphology of
the open clip after cleaning the corrosion products; (g) Corrosion rates of the closed and open clips
achieved by weight loss calculation after degradation for 14 days.
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Figure 8. SEM-EDS results of the corrosion products on the surface of Mg-Nd-Zn-Zr alloy clips.
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Figure 9. XPS spectra for the corrosion products on Mg alloy hemostatic clips: (a) XPS surface survey

scan; (b) Mgls; (c) Ca2p; (d) P2p.

4. Discussion
Ti and its alloys are commonly used as materials for laparoscopic hemostatic clips,

but they are not biodegradable and often require a second surgery to remove them [4,16].
Although currently approved biodegradable polymers (such as PGA and PLGA) can
be used in clinical implantable devices, their degradation products may cause adverse
biological reactions [17,27,30]. Mg alloys appear to be revolutionary biomaterials for
degradable clips as they can meet both engineering and medical needs [3,31,32]. Hemostatic
clips manufactured from Mg alloys can be completely degraded in the human physiological
environment. However, the application of Mg-based hemostatic clips is limited by their
rapid corrosion rate, pitting corrosion, and SCC, which will lead to early failure of the
implants [12,33,34].

The poor corrosion resistance of Mg alloys can be attributed to galvanic corrosion
caused by the second phase and impurity elements [35]. Figure 10 illustrates the degrada-
tion mechanism of the Mg-Nd-Zn-Zr alloy clip in artificial plasma. Immediately after con-
tact with the artificial plasma, the Mg alloy is oxidized to Mg ions (Figure 10a). Meanwhile,
the generated electrons react with water to produce hydrogen (Figure 10a). Consequently,
Mg ions and hydroxide ions in the solution react to form Mg hydroxide:

Mg — Mg?t42e” (anodic reaction) )

2H,0 +2e~ — H,+20H™ (cathodic reaction) (3)
Mg 2t +20H~ — Mg(OH), (4)
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Figure 10. Schematic diagram of biocorrosion of Mg-Nd-Zn-Zr alloy clips: (a) Anodic reaction and
cathodic reaction; (b) Formation of Mg hydroxide; (c) Chloride ions destroy the protective layer and
formation of apatite; (d) Mg alloy is in the state of dynamic degradation.

As illustrated above, the corrosion products Mg(OH), on the surface of the hemostatic
clip can delay the degradation process of the Mg substrate (Figure 10b) [12]. However,
porous Mg hydroxide on the surface cannot protect the Mg matrix effectively under erosion
by CI™. Itis reported that when the chloride concentration in the physiological environment
reaches 30 mmol/L, Mg(OH), will be gradually converted by C1~ to form MgCl, , which
is easily soluble in water (Figure 10c) [33]:

Mg(OH),+2Cl~ — MgCl, +20H" )

Thus, the Mg substrate is exposed for further reaction with artificial plasma (Figure 10c).
According to the results of the spectral analysis (Figure 9), in addition to Mg hydroxide,
the corrosion products also included various calcium phosphate precipitates, such as
hydroxyapatite (HA), which is an effective barrier to delay the degradation of the corrosion
layer (Figure 10c,d) [36]:

10Ca®*+6PO3~+20H~ — Cayg (PO,),(OH), (6)

The results indicated that Both the closed and open Mg alloy clips exhibited low
corrosion rates in artificial plasma (Figure 7g). There are three possible reasons for this
phenomenon. First, the microstructural observations revealed that the grain size of the
Mg-Nd-Zn-Zr alloy was uniform and fine (Figure 5b). It is widely accepted that grain
refinement can improve the corrosion resistance of Mg alloys [37]. Secondly, the second
phase also has an impact on the corrosion behavior of Mg alloys [35]. The potential
difference between the second phase Mg;,Nd and the x-Mg matrix was approximately
25 mV, indicating that microgalvanic corrosion in the Mg-Nd-Zn-Zr alloy occurred at a low
level [25]. Moreover, the properties of MgO films formed on the surface of the Mg alloy
are related to corrosion resistance [38], and an excellent passivation film can restrain the
outflow of Mg2+ from the substrate surface [39]. Studies have shown that the addition of
element Nd can form an excellent rare earth oxide film on the surface, thereby improving
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the corrosion resistance of Mg alloys [40,41]. Thus, the Mg-Nd-Zn-Zr alloy clips exhibited
excellent corrosion resistance in artificial plasma.

The results indicated that the corrosion rate of the closed clips was higher than that of
the open clips (Figure 7g), and the microstructural characterization showed that the corro-
sion on the top of the closed clip was more severe than that in other regions (Figure 7d,e).
This result can be attributed to the closed hemostatic clip undergoing dramatic plastic
deformation, resulting in a certain number of twins in the stress concentration regions
(Figure 5d). It is universally acknowledged that atoms in twin regions are more active
than those in normal lattice positions [42]. In addition, the anodic dissolution of twins is
accelerated compared with the Mg matrix [8]. Aung et al. reported that the existence of
twins accelerated the corrosion of Mg alloys [43]. Therefore, the closed Mg-Nd-Zn-Zr alloy
clip with several regions containing twins could degrade faster in artificial plasma.

5. Conclusions

Based on the results of the finite element analysis, the hemostatic clip with transverse
teeth was the optimal structure for ligating veins with minor damage to blood vessels,
compared to clips without teeth or with embedded teeth. The optimal parameters for
lower tooth length, tooth height, and tooth pitch of the hemostatic clip with transverse
teeth were 0.2, 0.1, and 0.1 mm, respectively. The optimally designed Mg-Nd-Zn-Zr
alloy clip was processed using the wire-cutting method, and a few twins appeared in
the stress concentration regions of the closed clip. The in vitro immersion experiments
showed that closed clips (0.118 + 0.041 mg-cm~2-day ') corroded slightly faster than open
clips (0.094 + 0.041 mg-cm~2-day~!). The micromorphological observations suggested
that no signs of cracking appeared on the closed Mg alloy clip, indicating that the Mg
alloy had excellent resistance to stress corrosion cracking in artificial plasma. Therefore,
the newly developed Mg-Nd-Zn-Zr alloy clip is a promising candidate for applications
with biodegradable hemostatic clips. However, the corrosion behavior of the Mg alloy
hemostatic clip in vivo and effects of the corrosion products on vascular recovery need to
be further studied.
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