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ARTICLE INFO ABSTRACT

Keywords: For gastrointestinal anastomosis, metallic biodegradable staples have a broad application potential. However,
High-nitrogen both magnesium and zinc alloys have relatively low strength to withstand the repeated peristalsis of the
Iron alloy gastrointestinal tract. In this study, we developed a novel kind of biodegradable high-nitrogen iron (HN-Fe) alloy

Surgical staples
Mechanical property
Degradation

wires (0.23 mm), which were fabricated into the staples. The tensile results showed that the ultimate tensile
strength and elongation of HN-Fe wires were 1023.2 MPa and 51.0 %, respectively, which was much higher than
those of other biodegradable wires. The degradation rate in vitro of HN-Fe wires was slightly higher than that of
pure Fe wires. After 28 days of immersion, the tensile strength of HN-Fe wires remained not less than 240 MPa,
meeting the clinical requirements. Furthermore, sixteen rabbits were enrolled to conduct a comparison experi-
ment using HN-Fe and clinical Ti staples for gastroanastomosis. After 6 months of implantation, a homogeneous
degradation product layer on HN-Fe staples was observed and no fracture occurred. The degradation rate of
HN-Fe staples in vivo was significantly higher than that in vitro, and they were expected to be completely
degraded in 2 years. Meanwhile, both benign cutting and closure performance of HN-Fe staples ensured that all
the animals did not experience hemorrhage and anastomotic fistula during the observation. The anastomosis site
healed without histopathological change, inflammatory reaction and abnormal blood routine and biochemistry,
demonstrating good biocompatibility of HN-Fe staples. Thereby, the favorable performance makes the HN-Fe
staples developed in this work a promising candidate for gastrointestinal anastomosis.

1. Introduction anastomosis is crucial and commonly associated with a higher reoper-
ation rate and an increased risk of postoperative morbidity and mor-

Globally, the incidence of gastrointestinal cancers accounts for over tality [2]. Since the 1980s, an increasing number of staplers have been

25 % of all cancer cases and contributes to approximately 33 % of used in gastrointestinal surgery to reduce postoperative complications
cancer-related deaths [1]. At present, surgical resection is the main [3]. The stapler replaces the complex operation of manual suturing,
means of curative treatment for gastrointestinal tumors. Gastrointestinal reducing the time for surgery and gastrointestinal exposure, and
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resulting in a shorter recovery time for the gastrointestinal system after
surgery [4]. According to the standard of YY 0876-2013, the tensile
strength of the material to be made into anastomosis staples should not
be less than 240 MPa. As representatives of non-absorbable mechanical
anastomosis materials, titanium (Ti) and its alloys have been widely
used in gastrointestinal staples due to their superior mechanical prop-
erties [5]. However, the bioinert Ti can cause local tissue inflammation
and affect the medical image observation, and due to gastrointestinal
peristalsis, Ti-staples may cause damage to surrounding tissues and lead
to other complications [6].

In the field of medical implants, biodegradable materials have
garnered significant attention in recent years. Biodegradable surgical
sutures, which were made by polydioxanone, polylactic, and poly-
glycolic acid, have been applied in clinical practice and effectively
reduce the side effects caused by permanent materials [7-9]. However,
the mechanical properties of these polymers are too low to provide
adequate mechanical support. In contrast, the most obvious advantage
of metallic materials is their superior mechanical properties. Based on
these, increasing efforts were paid to develop new biodegradable metal
gastrointestinal staples.

Currently, biodegradable metals mainly include magnesium (Mg),
zinc (Zn), iron (Fe) and their alloys. Considerable attention has been
dedicated to the assessment of their mechanical, degradation, and bio-
logical performance [10,11]. Different types of biodegradable alloys
have their own characteristics [12]: (1) Mg alloys have the advantages of
good biocompatibility and magnetic resonance imaging (MRI) compat-
ibility, but it undergoes hydrogen evolution degradation with an
extremely fast degradation rate and poor mechanical properties; (2) Fe
alloys have good processability, the highest mechanical strength and
acceptable biocompatibility, but its degradation rate is slow; (3) The
degradation rate of Zn alloys is between that of Mg alloys and Fe alloys,
but the mechanical properties are insufficient. Numerous efforts have
been devoted to evaluating biological effects of Mg alloy and Zn alloy
gastrointestinal staples. Guo et al. [13] fabricated Zn-Li-Mn alloy sta-
ples, which were used for gastrointestinal anastomosis in pig models,
and were expected to be completely degraded in about 1 year. The
gastrointestinal tissue was healed after 12 weeks, and Zn-Li-Mn alloy
staples demonstrated good biocompatibility. Moreover, the challenges
pertaining to the aging and creep of Zn alloys at ambient temperature
remain unresolved impediments for their practical utilization [6]. Wu
et al. developed biodegradable high purity Mg staples for gastric anas-
tomosis, and the in vivo experiment indicated good biocompatibility of
the Mg staples [14]. Notably, the Mg alloy staple degrades rapidly and is
expected to degrade completely in 3 months, and further exploration for
the appropriate degradation period of the implant that matches the
tissue healing and mechanical properties is still needed [6,15].

Compared to Mg alloys and Zn alloys, Fe alloys have higher strength
and plasticity, with particularly significant advantages in mechanical
properties, and can withstand the repeated peristalsis of the gastroin-
testinal tract [16]. In addition, in contrast to the body fluid and blood
environment, the corrosion of gastric and intestinal fluids significantly
enhances the deterioration of metallic materials [17]. Exposure of Fe
alloys with slower degradation rates to the gastrointestinal tract will also
leave sufficient time for the healing of the anastomotic site. Studies on
biodegradable Fe alloys were mainly focused on the cardiovascular
application, without report on anastomotic staples.

Their pioneering study not only affirms the biological functions and
biosafety of biodegradable Fe alloys, but also points out the issues that
need to be addressed in current Fe alloy materials. Peuster et al. suc-
cessfully implanted a pure Fe stent into the descending aorta of New
Zealand white rabbits, revealing the absence of any vascular blockage
attributed to inflammation, neointimal hyperplasia, or thrombosis,
which provide compelling evidence for the favorable biosafety and
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biocompatibility of the biodegradable iron stent, but with the problem
of slow degradation [18]. Subsequently, a range of non-ferromagnetic
FeMn alloys, such as FeMnC [19], FeMnSi [20], FeMnPd [21] and
FeMnAg [22], were developed with excellent comprehensive perfor-
mance. The mechanical properties of these alloys were further
improved, and the degradation rate was also slightly increased through
large deformation or second phase precipitation, but often leading to the
aggravation of local corrosion. Moreover, Zheng et al. developed the
biodegradable nitrided Fe stent, which has been applied in clinical
practice. Previous research results have shown that the stent has a fast
degradation rate by precipitating nitrides, but the nitride Fe easily lead
to severe localized corrosion, as well as poor MRI compatibility of its
ferromagnetism due to the low nitrogen (N) content (0.08 wt%) [2.3,24].
Certainly, the appeal research finding provided foundations and di-
rections for the medical application of biodegradable Fe alloys.

A series of high-N Fe alloys with a maximum N content of 0.6 wt%
have been firstly developed in our previous studies by increasing the
manganese (Mn) content and high-pressure smelting. This novel high-N
Fe alloy obtained a non-ferromagnetic austenitic structure and an N
content exceeding the solubility limitation at atmospheric pressure
smelting [25]. The advantages of high-N alloying were found that the
degradation rate and local corrosion resistance of Fe alloys were sur-
prisingly increased simultaneously. Besides, the application of high-N Fe
alloys with superior mechanical properties can further reduce the size of
the implant to shorten the degradation period, and more importantly,
also reduce the irritation to the healing site and accelerate the tissue
repair [26,27].

Accordingly, based on the above promising study results, we have
innovatively developed a biodegradable high-N Fe-based alloy wire with
favorable mechanical strength and ductility, which meet the preparation
requirements of anastomosis staples. The mechanical properties and
their attenuation with time, in vitro and in vivo degradation behaviors,
biocompatibility and biological functions of high-N Fe-based alloy were
investigated to explore their feasibility as biodegradable staples in
gastrointestinal anastomosis (Scheme 1).

2. Materials and methods
2.1. Materials and preparation

The novel biodegradable high-N Fe-based alloy, referred to as
HN-Fe, was prepared under a high-pressure N, atmosphere of 1.5 MPa.
Then, the alloy bars with diameter of 8 mm were obtained by forging at
1473 K with holding time of 2 h and hot rolling at 1423 K with holding
time of 1.5 h. Finally, the HN-Fe wires with diameter of 0.23 mm were
produced by multi-passes hot and cold drawings combined with
annealing treatment. Inductively coupled plasma-optical emission
spectrometer (ICP-OES, iCAP6300), carbon-sulfur analyzer (CS600) and
oxygen-nitrogen-hydrogen analyzer (ONH836) were used to determine
the alloy compositions. Commercial pure Fe wire with a purity of 99.95
% and a diameter of 0.20 mm was chosen as the control, referred to as Fe
wire. The chemical composition was shown in Table 1.

All wires were ultrasonically cleaned in the acid wash solution (HCL
500 mL, methenamine 20 g, and H,O 500 mL) to remove the oxide layer
on the surfaces before the tests, since HN-Fe and Fe wires were easily
oxidized in air. Subsequently, electrolytic polishing was performed in an
electrolyte of 10 % perchloric acid and 90 % alcohol at 253 K and 39 V to
make the surface smooth.

The anastomotic staples were made using HN-Fe wires by polishing,
cutting and bending, which were further sterilized by ethylene oxide and
sealed in vacuum for gastrointestinal anastomosis experiments in ani-
mals. The pure Ti anastomotic staples commonly used in clinic were
used as the control.
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Scheme 1. Summarized diagram for the fabrication, implantation, anastomosis and degradation processes of the HN-Fe staples.

Table 1
Chemical compositions of HN-Fe and Fe wires, wt.%.
HN-Fe wire Mn N C (¢] S P Si Fe
29.32 0.5800 0.0150 0.0096 0.0160 0.0070 <0.1 Bal.
Fe wire Sn Cu C Sb As Bi Pb Fe
0.012 0.009 0.002 0.006 0.006 0.002 0.001 Bal.

2.2. Tensile test

The static uniaxial tensile tests were conducted on a universal tensile
machine (Instron-5569) at room temperature for the wires before and
after immersion, according to GB/T 228.1-2010 with a strain rate of 6.7
x 107* 57! and a gauge length of 25 mm. The immersion parameters
were as described in section 2.2.1. After 1, 3, 7, 14, 21 and 28 days of
immersion, the specimens were removed from the Hank’s solution
(Table 2), rinsed with deionized water and anhydrous ethanol, and dried
at room temperature. At least three specimens for each set were tested to
ensure that the results obtained were reliable.

2.3. Degradation test in vitro

2.3.1. Immersion test

To evaluate the degradation properties of wires, weight loss analysis
was used. The wire was cut into the length of 12 mm and each set of
immersed specimens consisted of seven. Before immersion, the speci-
mens were weighed and labeled. Based on ASTM-G31-72, the wires were
all completely immersed with a ratio of 20 mL/cm? at 37 °C in Hank’s
solution. Changing the solution every two days. Considering that bac-
teria may affect the corrosion process of Fe alloys, additional antibiotics
were added to the solution, including penicillin 100 U/mL and

Table 2

Compositions of Hank’s solution, g/L.
NaCl KCl KH,PO4 MgSO4 NaHCO3 CaCly NayHPO4-12H,0 Glucose
8.0 0.4 0.06 0.1 0.35 0.185 0.12 1.0
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streptomycin 100 pg/mL [28].

For the removal of degradation products, the immersed specimens
were removed from the solution at 7, 14, and 28 days and ultrasonically
cleaned in an acid wash for 2 min. The specimens were then weighed
again. An average result was obtained by measuring at least three
specimens for each time. Calculation of the corrosion rate (CR, mm/
year) was given by Eq. (1) [25]:

CR=(KxW)/((AxTxD) (€D)]

where K is 87,600, W is the weight loss (g), A is the exposed area of the
specimen (cmZ), T is the immersion time (h), and D is the density of
alloys (g/cms).

2.3.2. Electrochemical measurement

The electrochemical measurements were performed on a Gamry
Reference 600+ electrochemical workstation by a standard three-
electrode system, where the saturated calomel electrode (SCE) was the
reference electrode, the platinum electrode was the counter electrode,
and the wire was the working electrode. At least three tests were per-
formed on all specimens at 37 °C in Hank’s solution. A 1 h open circuit
potential (OCP) test was conducted to determine the stability of the
electrochemical system.

The potentiodynamic polarization was tested from the corrosion
potential (E.r) to the cathode (—0.5 V) and anode (+0.5 V), respec-
tively. The scan rate was 0.33 mV/s. The CR of wire was calculated by
Eq. (2):

CR =327 x 10° X Iogr X Ey / p @

where I, is the corrosion current density, E,, is the weight equivalent,
taken as 27.92 g eq !, and p is the density of the wire (g/cm®).

The electrochemical impedance spectroscopy (EIS) was tested in the
frequency range from 100 kHz to 10 mHz. The excitation signal was the
sinusoidal voltage with an amplitude of 10 mV. Gamry Echem Analyst
software was used to fit and analyze the data.

2.4. Microstructural characterization

X-ray diffraction (XRD, D/max 2400 X) was used to characterize the
phase structure of the initial wires with a scanning speed of 10°/min.
The radiation source was Cu-Ka with a wavelength of 0.154056 nm.

Scanning electron microscope (SEM, FEI Inspect F50) was used to
observe the fracture morphology after tensile test, the surface
morphology before degradation, and the corrosion morphology after
degradation of the specimens. Energy dispersive spectrometer (EDS) was
used to semi-quantitatively analyze the compositions of the wires and
their degradation products.

2.5. Degradation test in vivo

Sixteen male New Zealand white rabbits (2.5-3.0 kg) were randomly
divided into HN-Fe-linear-cut staple group and Ti-linear-cut staple
group, with eight rabbits in each group. The rabbits were anesthetized
by an intramuscular injection of ketamine (3.0 mg/kg) and 2 mL 3 %
sodium pentobarbital. The animals were placed in supine position, and
immobilized. Epigastrium were shaved and sterilized with povidone-
iodine. Cut along the linea alba below xiphoid process to expose the
left side of the greater curvature. Partial gastrectomy was performed for
greater curvature with HN-Fe-linear-cut staple and Ti-linear-cut staple,
respectively. Then, returning gastric stump and layer sutured and inci-
sion closed. Postoperative intramuscular injection of 8 x 10° U peni-
cillin sodium/each rabbit for three days to prevent infection. Abdominal
X-ray fluoroscopy was performed at 1, 2 and 6 months postoperatively to
clarify the morphology and degradation of the staples in vivo. After the
removal of the anastomosis staples, weight loss analysis, surface and
cross-section corrosion morphology of the staples were carried out as
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described in the previous section.
2.6. Biocompatibility test

2.6.1. Histology evaluation

Six months after partial gastrectomy, all experimental animals were
euthanized with sodium pentobarbital injection. The gastric wall tissue
with staples were embedded by methyl methacrylate, and sliced (50 pm)
with a hard tissue microtome (LEICA, Germany). The heart, kidney,
liver, lung and spleen were collected and fixed with 10 % formaldehyde
solution for 48 h, embedded in paraffin, and cut into sections with a
tissue microtome. All samples were stained with hematoxylin-eosin
(HE). And then sections were transferred to the two pathologists for
pathology evaluation.

2.6.2. Blood routine and biochemistry

After 2 and 6 months, all the experimental animals were anesthetized
with 3 % sodium pentobarbital, the blood (2 mL) was drawn from their
peripheral ear vein. Routine blood counts and liver and kidney function
were examined using the ProCyte Dx and Catalyst One kits (IDEXX,
USA).

2.6.3. Reverse transcription-polymerase chain reaction (RT-PCR)

The gastric wall tissue at the insertion of the staples was collected
and cleaned with phosphate buffered Saline. Total RNA from 50 mg
tissue was isolated using RNAiso Plus (TAKARA Biotechnology, China).
The concentration of RNA was determined by spectrophotometry at 260
nm. Total RNA (1 pg) was reverse-transcribed using a PrimeScript RT
reagent Kit (Perfect Real Time) (TAKARA Biotechnology, China) in a
total volume of 20 pL. Quantitative real-time PCR was performed on
cDNA samples using a LightCycler480 II instrument (Roche, Basel,
Switzerland) with the SYBR Green Premix Ex Taq II (TAKARA
Biotechnology, China) in a total volume of 20 pL. The primer sequences
for gastric wall tissues were as follows: IL-10-F, 5-TTGTTAACC-
GAGTCCCTGCTT-3’; IL-10-R, 5'- CCACTGCCTTGCTCTTGTTT-3’; TNF-
a-F, 5-ACCCTCAGATCAGCTTCTCG-3’; TNF-o-R, 5'- TTGACCGCTGAA-
GAGAACCT-3'; TGF-p1-F, 5-ACGGGCTCAACATCTACACA-3’; TGF-f1-R,
5-GTGTCCAGGCTCCAGATGTA-3'; IL-8-F, 5-TACAGAGCTTCGATGCCA
GT-3; IL-8-R, 5-CCTTCTGCACCCACTTTTCC-3; and GAPDH-F, 5-
GCTGAACGGGAAACTCACTG-3'; GAPDH-R, 5-CCGAAGGTAGAGGAGT
GGGTG-3". The expression level of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was measured and used as an internal control. The
data were analyzed using 272" relative expression quantity as previ-
ously described [29].

2.6.4. Engyme-linked immunosorbent assay (ELISA)

ELISA was used to measure the inflammatory factor secretion of
gastric wall tissue at the insertion of the anastomotic nail. The gastric
wall tissue was collected and cleaned with phosphate buffered saline,
and the tissue were dissected out and homogenized in lysis buffer (tissue
weight: lysis solution volume = 1:5). The homogenized samples were
centrifuged at 5000 g for 10 min, and the supernatants were collected for
further analysis. The concentrations of Interleukin 10 (IL-10), Tumor
Necrosis Factor Alpha (TNF-a), Transforming Growth Factor Beta 1
(TGF-p1) and Interleukin 8 (IL-8) were determined using a Rabbit
Interleukin 10 ELISA Kit (Cloud-Clone Corp., USA), a Rabbit Tumor
Necrosis Factor Alpha ELISA Kit (Cloud-Clone Corp., USA), a Rabbit
Transforming Growth Factor Beta 1 ELISA Kit (Cloud-Clone Corp., USA),
a Rabbit Interleukin 8 ELISA Kit (Cloud-Clone Corp., USA) according to
the manufacturers’ instructions. The results were reported in picograms
per mL of proteins and compiled using Prism 9.0 GraphPad Software
(GraphPad Software Inc., San Diego, CA).
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3. Results
3.1. Mechanical properties and the attenuation with time after immersion

The phase structure, mechanical properties and their attenuation of
the experimental HN-Fe and Fe wires are shown in Fig. 1. Compared to
the Fe wire, HN-Fe wire is non-ferromagnetic and mainly consists of
austenitic and e-martensitic phases, showing excellent MRI compati-
bility (Fig. 1a). The 0.2 % offset yield strength (c,), ultimate tensile
strength (o,) and uniform elongation (¢,) of HN-Fe wires are 762.8 +
3.1 MPa, 1023.2 + 8.1 MPa and 51.0 £+ 3.4 %, respectively, which are
1.38, 1.41 and 1.26 times higher than that of Fe wires (Fig. 1b). It is
recognized that the mechanical properties of the HN-Fe wire are much
higher than the standard regulated by YY 0875-2013, showing that it
can provide sufficient mechanical support after anastomosis. The frac-
ture morphologies of both wires exhibit ductile fracture, but there are
significant differences (Fig. 2a and b). The dimples with a greater
number, smaller size, and more uniform distribution are found in the
fracture of HN-Fe wires. Although the reduction of area for Fe wire is
apparently higher, the dimples are larger and unevenly distributed,
which may be the reason for its lower plasticity.

The mechanical properties of HN-Fe and Fe wires after immersion in
Hank’s solution for different times are presented in Fig. 1c and d. It can
be seen that the mechanical properties of the two wires suffer different
degrees of attenuation with the extension of immersion time. Within 7
days of immersion, the attenuation speeds of the oy, 0, and ¢, of HN-Fe
wires are slow, but the error ranges in ¢, are large, which may be related
to the appearance of local corrosion. However, after 14-28 days of im-
mersion, the attenuation speeds of all three characteristics are obviously
accelerated. It suggests that the number and size of corrosion pits may
inevitably increase in the late stage of immersion. In contrast, the Fe
wire has inferior mechanical properties and, as a pure metal, degrades
more slowly, resulting in a lower attenuation speed of its mechanical
properties throughout the immersion processes. It is noteworthy that the
mechanical properties of the HN-Fe wire are consistently much higher
than those of the Fe wire, exhibiting a pronounced mechanical proper-
ties advantage.

The fracture morphologies of HN-Fe and Fe wires before and after
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immersion in Hank’s solution for different times are displayed in Fig. 2.
The results show that with the extension of immersion time, the me-
chanical properties of both wires are attenuated, but the fracture type
remains as ductile fracture. Compared to the unimmersed results, there
is no evident change in the fracture morphologies of the two wires.
Meanwhile, a small number of degradation products are observed
attaching to the fractures. In addition, numerous corrosion pits are
found at the fracture of the HN-Fe wire after 28 days of immersion, and
the appearance of these corrosion pits leads to a much faster attenuation
speed of its mechanical properties.

3.2. Degradation behaviors in vitro

The electrochemical performances of HN-Fe and Fe wires immersed
in Hank’s solution are compared in Fig. 3. The corrosion current density
(Ieory) and corrosion rate (CR) obtained by fitting the potentiodynamic
polarization curves (Fig. 3a) are shown in Fig. 3b. The results show that
the I, and CR of the HN-Fe wire are obviously lower than those of the
Fe wire. Meanwhile, no passivation behavior is observed on the anodic
branches of both wires, indicating that the accumulation of degradation
products on the surface of the specimens is not present at this time, and
the corrosion is still in the beginning stage.

To investigate the corrosion mechanism of the wires, EIS measure-
ments were performed. In general, the time constant of the electro-
chemical process is represented by the peak of the -phase angle vs.
frequency curves in the Bode plot, so the number of peaks is equal to the
number of components in the circuit. Two peaks are clearly observed on
the -phase angle vs. frequency curves of both wires (Fig. 3c). Accord-
ingly, a double time constant equivalent circuit is used to fit the EIS
results, as shown in Fig. 3d. CPE; is the capacitance of the corrosion
product layer, CPE, is the capacitance of the double electrode layer
formed at the interface between the alloy and the electrolyte, R, is the
corrosion product layer resistance, R is the charge transfer resistance,
and R; is the solution resistance. The fitting results are summarized in
Table 3. The results show that R, can be used to compare the degra-
dation rates due to the fact that R, exhibits the greatest difference be-
tween the two wires and its value is much larger than R, and R, The
HN-Fe wire has a significantly larger R value, leading to a more
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kinetically difficult degradation reaction, which is consistent with the
potentiodynamic polarization results. Also, in the Nyquist plot, the
HN-Fe wire with lower degradation rate shows a larger curve radius.

Table 3
Fitting results of EIS measurements for HN-Fe and Fe wires.

R Rp Ra CPE, (hSms®/ CPE, (nSms®/ The electrochemical analysis above characterizes the degradation
(©Qmem)  (Qmem’) (kQmemd  em?) cm’) behavior at the initial stage due to the limited immersion time. There-
HN-Fe 41+06 440+ 1.9+03 1115 + 219.0 + fore, it can be concluded that the degradation rate of the HN-Fe wire is
11.5 24.7 85.7 obviously lower than that of the Fe wire at the initial stage of
Fe 40+05 871+ 0.6 + 0.1 222.7 + 153.3 + deeradati
26.0 228 54.2 egradation.

In order to evaluate the long-term degradation behavior, the surface
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corrosion morphologies, degradation products and degradation rates of
HN-Fe and Fe wires immersed in Hank’s solution for different times are
presented in Fig. 4. It can be seen that the corrosion degree aggravates
with the extension of the immersion time, and the corrosion morphology
differs clearly (Fig. 4a—f). A large number of corrosion pits are observed
on the HN-Fe wire surface, while the Fe wire surface is characterized by
corrosion grooves along the drawing direction, originating from the
defects produced during the drawing process. In addition, the two wires
exhibit different corrosion morphologies, and the corrosion products of
the HN-Fe and Fe wires are pin-like and rod-like, respectively. The
corrosion products of both wires contain a large amount of O, Ca and P,
where the contents of O and P in HN-Fe can be semi-quantitatively
considered to be higher than those in Fe (Fig. 4g and h). Fig. 4i pro-
vides the variation trend of the CR with the increase of immersion time.
The CRs of two wires decrease with the increase of immersion time. The
CR of the HN-Fe wire is higher than that of the Fe wire throughout the
degradation process, especially at 7 days of immersion, the CR of HN-Fe
wire is about 2.5 times higher than that of Fe wire. However, at the later
stage of immersion, the CR of HN-Fe wire is only slightly higher than
that of Fe wire, which may be related to the attachment of degradation
products on the surface.

In conclusion, compared to the Fe wire, the CR of HN-Fe wire is
slower in the initial stage of degradation and obviously accelerated in
the late stage of degradation, which is consistent with the variation
trend of mechanical property attenuation.
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3.3. Degradation behaviors in vivo

The surgical photographs and postoperative anastomosis effects of Ti
and HN-Fe staples implanted in animals are shown in Fig. 5. During the
partial gastrectomy, Ti-staples and HN-Fe-staples are able to smoothly
complete the cutting and suturing process, with neat cutting edges and
no leakage of gastric juice, and both staples possess excellent closure
performance for blood vessels, with no hemorrhage at the anastomosis
(Fig. 5a and b). Abdominal X-ray fluoroscopy is performed immediately
after partial gastrectomy, which shows that dense Ti-staples and HN-Fe-
staples (Fig. 5¢c and d). After the implantation for 2 months, both staples
represent excellent anastomosis, the local tissue was smooth and dense,
and no infection or fistula was found (Fig. 5e and f). Follow-up fluo-
roscopy is performed after the surgery for 6 months, the results
demonstrate that morphology of both staples are normal without dis-
continue of anastomosis (Fig. 5g and h). In addition, compared to
immediately fluoroscopy after the surgery, HN-Fe staples undergo sig-
nificant degradation and become blurred after the surgery for 6 months.
There is significant degradation of the HN-Fe staple section, no signif-
icant inflammatory response is found, and tissue growth towards the
degradation area is observed, indicating that the HN-Fe staples have
excellent biocompatibility. In contrast, the tissue around the Ti staples
presents a regular circular cross-section (Fig. 5i and j).

The in vivo degradation behavior of HN-Fe staples and the compar-
ison with the in vitro results are summarized in Fig. 6. Through corrosion
morphology, it is found that the local corrosion occurred on the surface
of the HN-Fe staples for 6 months, but the pits uniformly distributed and
most of them were shallow. And no fracture happened after the

707 N-Fe
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=
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Corrosion rate (CR, mm/year)
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Fig. 4. Surface corrosion morphologies of HN-Fe (a, c, e) and Fe (b, d, f) wires immersed in Hank’s solution for different times: (a, b) 7 d; (c, d) 14 d; (e, f) 28 d, pin-
like and rod-like corrosion products on the surface of the HN-Fe (g) and Fe (h) wire after 7 days of immersion, respectively, and the variation trend of CR with the

increase of immersion time (i).
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Fig. 5. Partial gastrectomy (a, b), intraoperative abdominal X-ray fluoroscopy (c, d), anastomosis after 2 M (e, f), follow-up fluoroscopy after 6 M (g, h) and HE
staining of surgical area after 6 M (i, j) of Ti and HN-Fe staples implanted in animals.
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(b) of HN-Fe staples implanted in animals for 6 M, the corresponding corrosion rates including weight loss (c) and the comparison of corrosion rates in vitro and in
vivo (d).
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implantation, indicating that they still can provide adequate mechanical
performance. From the cross-section results, degradation product layer
was very homogeneous, and elements such as Fe, Mn, O, Ca, and P
uniformly distributed. The thickness of the degradation product layer,
which could obtain by the variation of O and P elemental content, is 10
pm after the implantation for 6 months (Fig. 6a). In addition, the
chemical compositions of tissue surrounding the HN-Fe staples were
analyzed by EDS mapping. It is found that Fe enriched in block shape
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without obvious Mn enrichment (Fig. 6b). The CR decreases obviously
with the increase of implantation time. It is worth noting that compared
to the in vitro results, the HN-Fe staple maintains a high corrosion rate
and a continuous increase in weight loss at the late stage of implanta-
tion, and is expected to be completely degraded in about 2 years (Fig. 6¢
and d).
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Fig. 7. Biocompatibility evaluation in vivo. (A) Histopathological observation of major organ sections after implantation for 6 months; (B) Blood routine and
biochemistry and (C) Gene and protein expression of inflammatory factors after implantation for 2 and 6 months of the Ti and HN-Fe staples.



S. Lu et al.
3.4. Biocompatibility evaluation

HE staining of the heart, liver, spleen, lungs, and kidneys does not
reveal obvious histomorphological damage on 6 months after partial
gastrectomy (Fig. 7A). These data confirm that the HN-Fe staple is safe
at the histomorphological level. Furthermore, the detection of blood
counts and biochemical parameters is another method for the in vivo
assessment of safety. As shown in Fig. 7B, red blood cells count (RBC),
white blood cells count (WBC), platelet count (PLT), hemoglobin con-
centration (HGB), alanine aminotransferase (ALT), aspartate trans-
aminase (AST), blood urea nitrogen (BUN) and creatinine (CR) are
selected as safety evaluation indicators. There is no significant differ-
ence between the HN-Fe staple and Ti staple at 2 and 6 months after
partial gastrectomy. To evaluate the inflammatory response related to
the implantation of staples, IL-10, TNF-a, TGF-p and IL-8 were selected
as Inflammation evaluation indicators. The results of RT-PCR and ELISA
show that there is no difference in the expression of inflammatory factor
genes and proteins between the two types of staples at 2 and 6 months
after implantation (Fig. 7C).

4. Discussion

Compared with manual suture, surgical staples are widely used in
gastrointestinal anastomosis as they can effectively shorten surgical time
and reduce postoperative complications [30]. Ti alloy staple with suf-
ficient mechanical strength and good biological safety are widely used in
clinical practice [31]. The application of biodegradable sutures could
fully eliminate the adverse effects of allergic reaction, foreign body re-
action and tissue adhesion caused by Ti alloy staple that exist perma-
nently in human body [32]. Hence, it is urgent to develop biodegradable
staples with benign biocompatibility and favorable mechanical main-
tenance. In present study, we fabricated the biodegradable HN-Fe alloy
staple with favorable mechanical properties and biocompatibility, to
discover its feasibility to apply in gastrointestinal staple (Scheme 1).

4.1. Mechanical properties of HN-Fe staples

At present, biodegradable metal materials have been widely used in
the field of cardiovascular applications. Degradable Mg-based and Fe-
based vascular stents have been applied in clinical practice [33,34],
and biodegradable Zn-based vascular stents have also demonstrated
benign safety and biological functions in preclinical studies [35].
However, biodegradable materials used as gastrointestinal staples face
more complex and unique mechanical and biological environments. The
repeated peristalsis gastrointestinal tract containing multiple digestive
fluids have put forward more stringent requirements for the mechanical
property of the anastomotic staples [36,37].

Compared with other degradable metal fine wires, degradable Fe and
its alloys have unique advantages in strength and elongation. The ulti-
mate tensile strength and elongation of recently developed biodegrad-
able alloy wires are summarized in Fig. 8. The results indicate that
HN-Fe wire has obvious advantage in mechanical properties, which is
much higher than the other biodegradable metal wires [38-56]. Pure Fe
wires exhibited a good strength-plasticity matching [52]. For Fe-N
alloy, the strength was significantly increased, but the plasticity was
decreased [57]. Although the alloying elements such as Mn and C could
improve the mechanical properties of Fe alloys [58], they were prone to
precipitate second phases or produce a-martensite transformation dur-
ing the annealing treatment and large deformation in the drawing pro-
cess, which restricted their application for wires. For HN-Fe, both the
strength and plasticity are much higher than that of all the other
degradable metal wires [38-56], and after attenuation with time, the
mechanical advantages are still considerable (Fig. 1d). On this basis,
HN-Fe alloy with high strength and plasticity provides the possibility of
further reducing the size of the staples to shorten the degradation period
and reduce the stimulation for the healing tissues.
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Fig. 8. Ultimate tensile strength and elongation comparison of recently
developed biodegradable alloy wires [38-56].

In the in vivo experiment, all animals did not show symptoms such as
intestinal fistula within 6 months after the implantation of the anasto-
motic staples, and the anastomotic staples were tightly arranged and had
good continuity in abdominal X-ray fluoroscopy (Fig. S5h). When col-
lecting tissue samples, it can be clearly seen that the anastomotic site is
well healed, and compared to Ti staples, the tissue proliferation at the
implantation site of HN-Fe staples is significantly increased (Fig. 5j).
Furthermore, gastrointestinal staplers also play a cutting role in surgery.
The results of this study indicate that HN-Fe alloy anastomotic staples
could neatly and smoothly cut tissues and stop bleeding even in areas
with abundant blood vessels (Fig. 5b), which strongly proves that HN-Fe
alloy anastomotic staples have favorable mechanical property.

4.2. Degradation behaviors of HN-Fe staples

The slow degradation rate has become a bottleneck problem that
urgently needs to be solved for biodegradable Fe alloys [59]. In recent
years, increasing efforts have been paid to improve the degradation rate
of Fe alloys. Hermawan et al. first explored the feasibility of preparing
biodegradable Fe alloys through Mn alloying [60]. In addition to
enhancing the mechanical properties, the addition of Mn also reduced
the standard electrode potential of Fe alloys, significantly improving
their degradation rate compared to pure Fe [61]. Thus, Mn is currently
considered the preferred alloying element for biodegradable Fe alloys.
Based on this, alloying elements such as C [19], Si [20], Pd [21] and Ag
[22] were used to further increase the degradation rate of Fe alloys.
However, due to the precipitation of second phase and the large defor-
mation, local corrosion was generally aggravated as well. At present,
biodegradable Fe-N alloy stents have entered the clinical trial stage,
which have solved the key problem of slow degradation rate of Fe alloys
and are expected to completely degrade within two years of implanta-
tion [62]. However, due to the low solubility of N element in Fe, Fe-N
alloys are still ferromagnetic, resulting in poor MRI compatibility. Also,
accelerating corrosion through the precipitation of nitrides has the risk
to cause aggravation of localized corrosion, which threatens the life of
the patient.

Actually, high-N alloying has been widely used to improve the
pitting resistance of stainless steels [63]. Based on these, we firstly
developed a biodegradable high-N austenitic alloy in the previous study.
It was surprisingly found that by high-N alloying, simultaneous
improvement of degradation rate and local corrosion resistance was
realized. In this study, the degradation behavior of the HN-Fe wire was
consistent with that of the bulk material. A large number of small-sized
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and uniformly distributed corrosion pits on the surface of the HN-Fe
wires were observed after the immersion experiments in vitro, different
from the corrosion grooves of Fe wires (Fig. 4e and f). This may be
related to the presence of [FeN] clusters evidenced in our previous
research, which perform a non-redox reaction with HyO to increase the
degradation rate, and the formation of NHs, which consumes H to form
NHJZ to inhibit localized corrosion. The reaction formulas are as follows
[25]:

2[FeN] + 3H5,0 — Fe;O3 + 2NHj3 3

NH; + H" —» NH{ 4

In in vivo experimental, abdominal X-ray fluoroscopy indicated that the
HN-Fe alloy staples became blurry but tightly arranged without any
detachment at 6 months after surgery, which means HN-Fe staples
degraded uniformly while ensuring sufficient mechanical strength
(Fig. 5h). Previous studies indicated that partial detachment of the
anastomotic staples did not affect the healing of anastomotic site, and
could also promote the overall degradation rate of the anastomotic
staples [13]. However, there are potential safety hazards associated with
uncontrollable and unpredictable detachment of the anastomotic nail in
clinical practice.

In addition, there were a large number of tissues growing towards the
degradation area of the HN-Fe staples, in which cells containing yellow
particles can be seen (Fig. 5j). It is considered that macrophages are
phagocytic degradation products, which have been observed in the tis-
sues surrounding the staples, mainly solid degradation products of Fe
(Fig. 6b), and this degradation process is basically consistent with pre-
vious study [23]. The nutritional status of patients has a direct impact on
wound healing, and besides protein and amino acids, balanced intake of
mineral elements is equally important for wound healing [64]. Fe is one
of the key elements in tissue repair after injury, which can promote the
tissue repair [64,65]. Therefore, the iron ions released by the degrada-
tion of the HN-Fe staples may promote the healing of anastomotic site.
In addition, as one of the degradation products, the metabolic process of
Mn should theoretically be similar to that of Fe in vivo, but further
exploration is needed. And the enzymes involved in the synthesis of Mn
had a certain inhibitory effect on ROS, which is helpful in reducing the
inflammatory response after the implantation of staples [66]. It is worth
noting that, unlike in vitro degradation, the HN-Fe staples could still
maintain a high degradation rate in the later stage of implantation, and
weight loss continues to increase (Fig. 6¢ and d). It is expected to be
completely degraded in about 2 years. This degradation period is
acceptable for staples.

4.3. Biocompatibility of HN-Fe staples

Biosafety is crucial for medical implants, especially metal implants.
Both Fe and Mn are essential trace elements for the human body. The
body’s Fe is in a dynamic balance of continuous absorption, utilization,
storage, and circulation, that is iron homeostasis [67]. Mn is mainly
distributed in various tissues and body fluids, as well as in organs such as
bone, liver, pancreas and kidney. The daily intake of Fe and Mn element
for a healthy adult is 10-15 and 2-5 mg, respectively. Each staple is
about 3 mg, and a resection site anastomosis requires about 40 staples
(Fig. 5b), totaling about 120 mg of metal. Considering the degradation
process, the total amount of metal released from the implanted staples
was 0.16 mg/day, which is much less than the Fe intake of 10-15 mg per
day. In addition, previous studies have shown that Fe-30Mn (wt.%)
alloy could meet the requirements of biological evaluation standards for
medical devices (ISO 10993-5) [68]. Therefore, the HN-Fe staples are
safe for the human body.

Due to the slow degradation rate of Fe alloys in the early research,
Mg alloys and Zn alloys with faster degradation rates have become
important materials for developing the degradable anastomotic staples
[65]. Nevertheless, the high degradation rate of Mg alloys and the need
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to improve the strength of Zn alloys still require more explorations for
the biodegradable staples by now [69]. Based on the fruitful achieve-
ments of biodegradable nitrogen-containing Fe alloys in the cardiovas-
cular field [68], this study firstly evaluated the biocompatibility,
degradation and biofunctions of the HN-Fe staples in vivo. Moreover,
compared with other implantation sites, corrosions caused by digestive
fluid and repeated intestinal peristalsis make the environment where the
anastomotic staples are located more complex, which might accelerate
the corrosion rates of staples [70]. However, the stable degradation
characteristics of HN-Fe can avoid the side effects of early rapid
degradation caused by corrosion and friction.

Gastrointestinal tract has amazing healing ability and the related
studies have shown that the muscle layer fusion occurred 6 days after
intestinal anastomosis, and the anastomosis site had a certain mechan-
ical strength after 7 days [71,72], thereby the anastomotic staples would
quickly be wrapped around the gastrointestinal tissue to avoid toxic
reactions induced by sudden release of metal ions. In addition, Zheng
et al. conducted thorough research on the Fe metabolism pathways of
biodegradable intravascular Fe stents, and the result showed that a small
amount of soluble iron ions entered the bloodstream, but the majority of
the solid iron corrosion products were consumed by inflammatory cells
such as neutrophils or macrophages. These cells then transported the
iron to hemosiderin in adventitia, the lymphatic system, and ultimately
the spleen through the circulatory system [23]. Elucidating the iron
metabolism pathway in vivo will provide strong evidence for the
biosafety of biodegradable Fe alloys and greatly promote the research of
HN-Fe for medical applications.

Similar to the previous research findings [59], from the H&E-stained
images of heart, liver, spleen, lung and kidney of these two staple groups
at 6 months post-implantation, no histopathological changes and accu-
mulation of degradation products were found (Fig. 7A). However, the
accumulation of solid Fe degradation products was observed in the tis-
sue surrounding the implanted anastomotic staples, without the accu-
mulation of solid Mn degradation products (Fig. 6b). Moreover, there
was neglectable change in level of blood routine and biochemistry be-
tween two staple groups at 2 months and 6 months (Fig. 7B).

Inflammation of the anastomotic site caused by staples often leads to
abdominal pain, vomiting, and even gastrointestinal obstruction, seri-
ously affecting the postoperative recovery of patients [73]. Further-
more, we evaluate the inflammatory response related to the
implantation of staples in this study, the result showed that there was no
difference in the expression of inflammatory factor genes and proteins
between the two types of staples at 2 and 6 months after implantation
(Fig. 7C). Therefore, HN-Fe alloy staple demonstrated benign
biocompatibility.

4.4. Outlook of this research

Until now, except for Fe-N alloy with nitride precipitates, there is
first evidence published that Fe alloys could maintain high degradation
rate in vivo. In the previous in vivo researches, almost no degradation
happened for Fe alloys in the later stage of implantation. Thus, this
research proved that the Fe alloys without precipitates could be an
excellent degradable material for implant applications. With better
mechanical performance, degradation behavior and no ferromagnetism,
HN-Fe could be used for biodegradable gastrointestinal anastomosis
staples, artery stents, etc.

Nevertheless, in this study, in vitro degradation rate of the HN-Fe
alloy is significantly lower than that in vivo, making it difficult to predict
in vivo results with in vitro results (Fig. 6d). Therefore, it remains to be
further explored the main factors influencing the difference in degra-
dation behaviors. Additionally, HN-Fe staples were implanted in vivo for
a relatively short period, and subsequent extension of the implantation
period until complete degradation of the staples and larger animal ex-
periments are necessary. The mechanical properties of the HN-Fe wire
are much higher than clinical standards, and attempts can be made to
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design finer anastomotic staples in the future.
5. Conclusions

In this study, we developed a novel kind of biodegradable high-N Fe
alloy wires, which were made into the staples for gastrointestinal
anastomosis, and evaluated them in vivo and in vitro. The conclusions
were obtained as follows.

1. The strength and plasticity of HN-Fe wires are much higher than
those of the other biodegradable metal wires, and the strength after
28 days immersion is still not less than 240 MPa, meeting the clinical
requirements.

2. HN-Fe staples degrade uniformly and maintain a much higher
degradation rate in vivo compared to in vitro in the late stage, which
are expected to be completely degraded in about 2 years.

3. HN-Fe staples exhibit excellent biosafety and biocompatibility. After
the implantation of 6 months, no histopathological change,
abnormal blood routine and biochemistry, and inflammatory reac-
tion occurred.
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