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A B S T R A C T   

Staplers have been widely used in the clinical treatment of gastrointestinal reconstruction. However, the current 
titanium (Ti) staple will remain in the human body permanently, resulting in some adverse effects. In this study, 
we developed a type of biodegradable staple for colonic anastomosis using 0.3 mm diameter magnesium (Mg) 
alloy wires. The wire surface was modified by micro-arc oxidation treatment (MAO) and then coated with poly-L- 
lactic acid (PLLA) to achieve a moderate degradation rate matching the tissue healing process. The results of 
tensile tests on isolated porcine colon tissue anastomosed by Mg and Ti staples showed that the anastomotic 
property of Mg staples was almost equal to that of Ti staples. The in vitro degradation tests indicated the dual- 
layer coating effectively enhanced the corrosion resistance and maintained the tensile force of the coated sta-
ple stable after 14-day immersion in the simulated colonic fluid (SCF). Furthermore, 24 beagle dogs were 
employed to conduct a comparison experiment using Mg-based and clinical Ti staples for 90-day implantation by 
ent-to-side anastomosis of the colon. The integrated structure of Mg-based staples was observed after 7 days and 
completely degraded after 90 days. All animals did not have anastomotic leakage and stenosis, and 12 dogs with 
Mg-based staples fully recovered after 90 days without differences in visceral ion levels and other side effects. 
The favorable performance makes this Mg-based anastomotic staple an ideal candidate for colon reconstruction.   

1. Introduction 

Since the 1980s, an increasing number of anastomotic devices have 
been used in clinical surgery [1]. Compared with manual suture, the 
application of anastomotic staples shortens the operation time, reduces 
surgical complication, and alleviate the patient’s pain [2]. With the 
increase of digestive tract cancer patients and gastric bypass surgeries 
[3], anastomotic devices come higher growth. However, current tita-
nium (Ti) staples cannot be absorbed and remain in the human body 
permanently, which may affect the medical image observation during 
follow-up surveys and elicit local inflammation and other complications 

[4–6]. In recent years, biodegradable materials attract much attention in 
the field of medical implants [7]. Although biodegradable surgical su-
tures made by polymers, such as polydioxanone, polylactic, and poly-
glycolic acid, have been applied in clinical practice [8–10], surgical 
staples are still titanium staples due to the lack of suitable biodegradable 
metal materials. 

To date, iron, zinc, magnesium (Mg), and their alloys as promising 
biodegradable metallic materials have been attracting much attention 
from researchers for more than a decade [7,11–13]. Numerous efforts 
have been devoted to evaluating their mechanical, degradation, and 
biological properties. A perfect degradation time of implants matching 
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the tissue healing is the most desired ambition in any application 
environment. However, although iron and zinc-based materials have 
better mechanical properties than Mg, their low degradation rate does 
not have the advantage for intestinal tissue healing. Guo et al. [14] 
implanted the zinc alloy for gastrointestinal anastomosis, and the 
degradation rate of the zinc alloy is so slow that it remained nearly intact 
after 12 weeks. Besides, the aging and creep of zinc alloys at room 
temperature are still unsolved obstacles for applications. As for the iron 
alloys, besides the lower degradation rate, the stable iron hydroxides are 
also hard to be eliminated by the body, possibly inducing the local tissue 
reaction [15,16]. Therefore, although the rapid degradation rate of Mg 
alloys limits their applications for long-term implantation, they may be 
more suitable for intestinal remodeling, especially with the development 
of coating technology in recent years. 

The earliest attempt to use Mg alloys in gastrointestinal anastomosis 
occurred in 1907. Chlumsk’y [7] implanted a tubal Mg connector in the 
dog’s stomach and intestine, showing the preliminary feasibility of Mg 
application in the gastrointestinal tract. Nevertheless, the time of 
effective support and entire disintegration strongly depend on the 
anatomical location and the size of the implant. Thus, only 0.3 mm of the 
clinical Ti staple diameter brings a challenge between the tissue joining 
with the degradation time of devices if we use Mg alloys instead. 
Recently, with the improvement of Mg alloy processing technology, 
using Mg alloys in the gastrointestinal tract has attracted attention again 
[17–19]. Implanting the Mg–6Zn (wt.%) pins in Sprague-Dawley rats’ 
cecum and the high-Purity magnesium (HP–Mg) staples in transgenic 
mice rectal demonstrated the Mg degradation could suppress the in-
flammatory response compared to the medical Ti alloy [20–22]. Wu 
et al. [2] also put the high purity magnesium staples for the lateral 
closure of the stomach in three pigs. However, the current studies on 
biodegradable Mg staples are still insufficient. On the one hand, unlike 
the body fluid and blood environment, the gastrointestinal tract belongs 
to the external environment of the human body. Its internal environ-
ment varies with the different digestive functions of each part, including 
the pH value, ion balance, enzymes, and so on [13,14,17,18]. Moreover, 
the anastomotic approach also affects the service environment of the 
implanted staple. For example, end-to-side or end-to-end anastomosis 
exposes the anastomotic stoma into the internal environment of the 
gastrointestinal tract, whereas the end closure of the gastric or intestine 
may result in the isolation of the staple from the gastric or intestinal 
fluid. These differences in the physiological environment can greatly 
affect the degradation of staples. On the other hand, due to the stan-
dardization of stapler specifications for clinical use, the current stapler 
used in humans is not suitable for the stomach and intestine of small 
animals, such as rabbits, and mice. This leads to the need for large an-
imal experiments to verify the feasibility of staples in vivo. Therefore, up 
to now, there is still a lack of a systematic evaluation of Mg staples 
including the in vitro test, the tissue healing, physiological indicators, 
and the entire degradation time, especially for colonic anastomosis. 

For intestinal anastomosis, the first week after surgery is critical for 
patients, because the anastomotic stoma needs adequate support from 
staples during this period. In this work, considering the effects of the 
intestinal fluid and the dynamic loadings caused by the intestinal peri-
stalsis on the degradation of staples [23,24], we prepared a 
full-biodegradable Mg-based surgical staple with a dual-layer coating 
including micro-arc oxidation treatment (MAO) layer and poly-L-lactic 
acid (PLLA) layer to acquire a moderate degradation rate in agreement 
with the healing time. To explore the application potential of this 
Mg-based staple, we conducted elaborate in vitro work and in vivo im-
plantation experiments to evaluate its long-term safety, efficacy, and 
degradation behavior. More importantly, 24 beagle dogs were employed 
to ensure the statistical significance of the data. In addition, since we 
completed all animal experiments in 2012, more than ten years had 
passed. Due to the lack of research on medical magnesium alloys at that 
time, AZ31 alloy with good strength and plasticity but containing Al was 
selected as the material for making staples. This has been improved in 

our subsequent studies, with our in-depth research on the preparation 
technology of magnesium alloy wires [17,18,25,26]. To date, even 
though some progress has been made in the application of magnesium 
alloys in the gastrointestinal tract, people still lack confidence in mag-
nesium alloys as anastomotic staples, especially in their mechanical 
properties, due to the lack of a large number of reports on large animal 
experiments. Therefore, we hope that this study can provide some 
helpful theoretical support for the development and application of 
magnesium alloys in gastrointestinal anastomosis. 

2. Materials and methods 

2.1. Materials and preparation 

AZ31 alloy (wt.%, the chemical composition is shown in Table S1) 
wires with a diameter of 0.3 mm were prepared through our extrusion 
and cold-drawing technologies. The wire shows very good comprehen-
sive mechanical properties with 302 ± 4 MPa in tensile strength and 
above 23 ± 3% in breaking elongation, which is higher than the 
requirement regulated by the Medical industry standard of China YY 
0875–2013. The wire was firstly treated by the MAO method in the 
alkaline electrolyte solution containing Na2SiO3 of 13 g/L, Na3PO4 of 5 
g/L, and NaOH of 2.5 g/L at a current density of 0.56 A/m with the Mg 
wire as the working electrode and stainless steel as the counter elec-
trode. The frequency was 500 Hz, and the duty factor was 15%. The 
operation under the direct constant current mode should be stopped 
while the working voltage was up to 280 V. All wires were washed with 
deionized water three times and dried at room temperature for 12 h. The 
thickness of the prepared MAO coating is about 2 μm. To obtain the dual- 
layer coating, Mg wires with the MAO coating were soaked into the 
PLLA solution for 20 min and lifted out vertically at the speed of 2 cm/s. 
The medical-grade PLLA (Jinan Daigang Biological Engineering Co., Ltd. 
China) with a weight average molecular weight of 400,000 g/mol was 
weighed in the desired proportions and dissolved in the dichloride so-
lution to obtain a 20% (w/v) solution. The dip-coating from the PLLA 
solution was done once and dried at room temperature for 24 h. The 
diameter of the wire with the PLLA coating is between 0.33 mm and 
0.35 mm. Fig. 1(a) depicts the schematic illustration of the coatings’ 
fabrication process and the cross-section of the wire with the MAO and 
PLLA coating (MP). 

Afterward, these Mg-MP wires were winded around a trapezoidal 
mold designed according to the clinically used U-shaped titanium sta-
ples, and the long side of the trapezoidal mold was removed using a file. 
Fig. 1(b) shows the morphology of the U-shaped staple and B-shaped 
staple molded by a stapler and illustrates images of Mg staples nailed on 
the isolated pig colon tissue. 

2.2. In vitro studies 

2.2.1. Cytocompatibility evaluation 
The evaluation of cell viability was conducted according to ASTM 

10993–5:2009. Murine fibroblast cells (L-929) and intestinal epithelial 
cells (IEC-6) were utilized and cultured in Eagle’s Minimum Essential 
Medium (EMEM) and Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 100U/ml penicillin, 
and 100 μg/ml streptomycin at 37 ◦C in a humidified atmosphere of 5% 
CO2, respectively. The extracts of three kinds of staples were obtained by 
incubating staples with an extraction ratio of 1.25 cm2/ml in the above 
culture medium for 24 h, and the supernatants were collected. After 
that, cells were incubated in 96 - well culture plates at a density of 3 ×
103 cells/well for 24 h to allow cell attachment. Then the medium was 
replaced by extracts of staples except for one group as a negative control. 
After incubating for 1, 4, and 7 days, the cell viability was detected using 
the Alarmar Blue Kit (Merck, Germany). The spectrophotometric 
absorbance of each well was measured with a microplate reader (Mul-
tiskanGO, Thermo, USA) at 570 nm wavelength and 600 nm 
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wavelength, respectively. To evaluate the influence of extracts on cell 
morphologies, cells were washed with phosphate buffer solution (PBS) 
and fixed in 4% paraformaldehyde for 10 min at room temperature. 
0.1% Triton was added and reacted for 7 min. Finally, 5 μg/ml FITC- 
phalloidin dye was added and incubated for 30 min, and the cell 
nuclei were stained by DAPI dye. Cell morphologies were visualized 
using an Inverted fluorescence Microscope (IX83, Olympus, Japan). 

2.2.2. Hemolysis test 
The fresh blood from healthy rabbits containing sodium citrate (3.8 

wt%) in the ratio of 9:1 was taken and diluted with the normal saline 
(NS, 4:5 ratio by volume). The extract of Mg-MP staples was obtained by 
incubating staples with an extraction ratio of 1.25 cm2/ml in the normal 
saline and Hanks’ solution (Hanks’) at 37 ◦C for 1, 2, and 3 days, 
referring to the standard ISO 10993–12:2012. The normal saline and 
Hanks’ solution were used as negative control groups and the deionized 
water as the positive control group. After that, 0.2 ml of diluted blood 
was added to extracts and control groups, and these mixtures were 
incubated for 60 min at 37 ◦C. Finally, all mixtures were centrifuged for 
5 min at 3000 rpm, and the supernatant was transferred to the 96 - well 
plates for spectroscopic analysis at 545 nm using the microplate reader. 

2.2.3. Intestinal anastomosis test 
To evaluate the anastomosis properties, the bursting pressure test 

and the tensile test were conducted on the colon tissue anastomosed by 
staples. For the bursting pressure test, the isolated tissue was firstly cut 
into two pieces and anastomosed end-to-end by a tubular stapler 
equipped with twenty surgical staples. Then, the colon was filled with 
water after being connected with a pressure detecting device. This 
measurement was repeated 3 times [27]. Moreover, the tensile test was 
carried out on the intestine anastomosed by a tubular stapler equipped 
with twenty staples and by a linear stapler equipped with nine staples. 
The tensile test was measured employing a static testing system 
(Zwick/Roell, Germany) at room temperature with a speed of 2 mm/min 
until specimens failed. 

2.2.4. Immersion test 
The degradation behavior was characterized by immersion tests in 

simulated colon fluid (SCF) prepared according to 2015 Chinese phar-
macopeia. The simulated colon fluid was obtained by dissolving 6.804 
g/L KH2PO4 and 1.696 g/L NaOH in distilled water and adjusting the pH 
to 7.6 by 0.2 mol/L NaOH solution. All the immersion containers were 

kept at (37.5 ± 0.5) oC, in the atmosphere (mainly 21% O2, 0.03% CO2). 
Staples were hung into the solution using a nylon thread. The ratio of the 
solution volume to the specimen area was 10 ml/cm2 in terms of the 
ASTM-G31-72 standard, and the immersion media was refreshed every 
day. Samples were removed from the solution after 7, 14, 21, and 42 
days, gently rinsed with distilled water, and dried in air for weighting 
and observation. To further simulate the degradation in the body, sta-
ples nailed on the simulated intestinal material were also immersed in 
SCF with the ratio of the solution volume to the specimen area of 10 ml/ 
cm2. Samples were removed from the solution after 14 and 28 days for 
observation by 3D X-ray microscopy (XRM, Zeiss Xradia 510Versa, 
Germany). The degradation morphology was observed by Sirion200 
Field Emission Scanning Electron Microscope (FE-SEM, FEI, USA). The 
soluble magnesium ions were measured using an inductively coupled 
plasma emission spectrometer (ICP, SPECTROBLUE ICP-OES, Germany). 

2.2.5. Tensile force of the single staple 
To evaluate the mechanical property of a single staple, we conducted 

the tensile test on Mg staples after the immersion of 7 and 14 days. The 
staple, which involved passing a nylon thread through each loop of the 
B-shaped, was strained by the universal testing machine at a strain rate 
of 2 mm/min until fracture (Fig. S1). 

2.2.6. Electrochemical measurements 
To test the actual electrochemical behavior of samples, half a staple 

was immersed in the solution as the working electrode. The saturated 
calomel electrode (SCE) was as a reference electrode, and a platinum 
mesh was as a counter electrode. The electrochemical impedance mea-
surement (EIS) was conducted in an electrochemical system (PARSTAT 
3000A, AMETEK, USA) and performed at the frequency from 100 kHz to 
10 mHz at the OCP value with an AC amplitude of 5 mV. All electro-
chemical experiments were carried out using a quartz cell at (37.5 ±
0.5) oC, in the atmosphere (mainly 21% O2, 0.03% CO2). Three parallel 
tests were conducted for different samples. 

2.3. In vivo animal surgery 

2.3.1. Surgical implantation 
The animal experimental protocol was authorized by the medical 

ethics committee of Peking University People’s Hospital according to the 
Guidance Suggestions. Animals were fed by the Laboratory Animal 
Science Department of Peking University Health Science Center. 24 

Fig. 1. Schematic illustration of coatings’ fabrication process and the cross-section of the Mg-MP wire (a). Morphologies of the U-shaped and B-shaped staple and 
images of Mg staples nailed on the isolated pig colon tissue by a tubular cutter stapler (b). The schematic diagram of colonic end-to-side anastomosis (c). 
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beagle dogs with a weight of 9–11 kg were randomized into two groups 
(Mg-MP staples as an experimental group and Ti staples as a control 
group) for colonic anastomosis. Dogs were sacrificed for observation at 
postoperative 7 days (6 dogs) and 90 days (18 dogs). All surgical oper-
ations were performed through the blinding method by the same skilled 
general surgeons. 

Preoperative fasting and fasting water were at 12 h and 6 h before 
surgery, respectively. Dogs were placed in the supine position with the 
trachea cannula and limbs fixed, as shown in Fig. S2(a). The surgery was 
performed after establishing venous access and injecting pentobarbital 
sodium (25–30 ml/kg), then dogs were assigned to receive colonic end- 
to-side anastomosis. Firstly, the colon was cut off at a 20 cm distance 
from the cecum. The tubular stapler anvil was put into the distal colon， 
and the main body of the stapler speared the wall of the proximal colon. 
Fig. 1(c) illustrates the schematic diagram of colonic end-to-side anas-
tomosis, and Fig. S2(b) shows the process of using the stapler. After that, 
the residual port was closed with the purse-string suture, and hemostasis 
was conducted immediately after closure. Finally, the abdominal inci-
sion was sutured layer by layer. All animals received an intramuscular 
injection of four hundred thousand units of penicillin to prevent infec-
tion every 12 h for the first 3 days. 

2.3.2. Intestinal healing test 
To investigate wound healing, we conducted the bursting pressure 

test at postoperative 7 days and 90 days and recorded the rupture po-
sition meanwhile. The pressure value was collected when the water 
overflowed. Before testing anastomotic pressure, the pH value of fluid 
surrounding the staples was measured firstly by pH test strips. 

2.3.3. Computed tomographic examination 
Computed tomographic scanning was performed after 7 days and 90 

days to analyze the in vivo degradation of Mg-MP staples by 64 - row 
spiral computed tomographic equipment (CT, GE, USA) from the dia-
phragmatic apex to the rectal plane. Dogs had been fasting 24 h before 
the examination. The X-ray tube was set at 120–140 kV and 140–220 mA 
with a scan layer thickness of 5 mm. The scanning results were recon-
structed and analyzed by two radiologists blindly. 

2.3.4. Histology evaluation 
The colon segments with staples at postoperative 7 days and 90 days 

were divided into two groups. One group was fixed in 10% neutral 
buffered formalin for 48 h and then sectioned at 4 μm thickness. His-
tological samples were processed and stained with hematoxylin-eosin 
(H&E), Masson staining, and Sirius picric acid. Another group per-
formed immunohistochemistry with the anti - CD3, anti - CD20, and anti 
- CD68. All images were blind-assessed by a senior pathologist to esti-
mate the difference between Mg and Ti groups. 

2.3.5. Physiological indexes detection of animals’ blood and inner organs 
Dogs’ peripheral blood collected at preoperative 1 day and post-

operative 7, 28, and 90 days was detected by an automatic blood cell 
analyzer (LH750, Beckman Coulter, USA), including hemoglobin (Hb), 
leukocyte (WBC), and platelet (PLT). The centrifugal blood serum was 
detected by an automatic biochemical analyzer (LST008, Hitachi, 
Japan), including alanine aminotransferase (ALT), aspartate amino-
transferase (AST), albumin (ABL), urea nitrogen (BUN), creatinine (Cr), 
magnesium ion, calcium ion, potassium ion. The detection of magne-
sium, aluminum, zinc, and manganese in the heart, liver, kidney, liver, 
brain, spleen, and skeletal muscle were analyzed by an inductively 
coupled plasma mass spectrometer (DRC-II, PerkinElmer, USA) and a 
plasma emission spectrometer (iCap6000, Thermo Fisher Scientific, 
USA). 

2.3.6. Ultrastructure of tissue 
The ultrastructure of intestinal epithelium tissue and organ slices 

from the heart, kidney, liver, spleen, and brain were observed by the 

Tecnai G2 transmission electron microscope (TEM, FEI, USA). Briefly, 
tissue specimens were firstly fixed in 1.5–3% glutaraldehyde for 2 h and 
washed with PBS thrice. And then, samples were fixed in osmic acid, 
washed by PBS twice, and subsequently dehydrated stepwise in gradient 
ethanol. Finally, they soaked in a mixture of ethanol and epoxypropane 
for 10 min, inlaid in resin, and cut into slices. Slices were stained with 
uranium for 15 min and lead for 10 min. 

2.4. Statistical analysis 

Statistical analysis was performed with the SPSS 17.0 software 
package (SPSS Inc., Chicago, USA). Using the mean values ± standard 
deviation (SD) presented the experimental data. One-way analysis of 
variance (ANOVA) followed by the least significance difference (LSD) 
posthoc test was used for statistical analysis among groups in vitro. The 
independent sample t-test was carried out on the data between the two 
material groups at each time point in vivo. The statistical difference was 
defined as p < 0.05. 

3. Results 

3.1. In vitro results 

3.1.1. In vitro biocompatibility 
Fig. 2(a) shows cell morphologies of L-929 and IEC-6 cultured in the 

extraction mediums for 4 days, and their viabilities after 1, 4, and 7 days 
of culture are depicted in Fig. 2(b and c). In all groups, the cell grows 
densely with normal adherence and uniform distribution. The shape of 
the L-929 cell is round or polygonal, and that of the IEC–6 cell is fusiform 
or polygonal. Cells’ cytoskeletal structure is not affected after using 
extracts, and their viabilities are higher than 85%, indicating that the 
three staples have excellent cytocompatibility. Thus, the degradation of 
Mg-MP staples shows no significant cytotoxicity. 

Fig. 2(d) displays the hemolysis caused by the extraction medium of 
Mg-MP staples at different time points. It can be found that there was no 
obvious hemolysis reaction in both solutions. Fig. 2(e) lists the pH value 
of the extraction medium after the immersion for 3 days, and the pH 
value of normal saline and Hanks’ solution are 10.4 ± 0.3 and 8.7 ± 0.3, 
respectively. The increase in pH value is attributed to the degradation of 
the staple’s tip which is not protected by coatings. However, due to the 
slow degradation of the whole staple, the corresponding hemolysis ratio 
is less than 2%. The degradation of Mg-MP staple can meet the 
requirement of hemolysis for implants. Additionally, the skin sensiti-
zation test and intracutaneous stimulation test are conducted by 
following the standard ISO 10993–10: 2010, as shown in Fig. S3, and the 
corresponding record of the skin reaction is listed in Table S2 and 
Table S3, respectively. It can be seen that there is no evidence of 
delayed-type skin sensitization and stimulation caused by the biode-
gradable Mg-MP surgical staples. 

3.1.2. Intestinal anastomosis properties 
Fig. 2(f) shows the isolated intestine nailed by the tubular and linear 

stapler employing Mg staples. After the manufacturing process, the in-
testines are tightly connected without staples damaged or abnormally 
deformed. Fig. S4 depicts the intestine anastomosed by Mg staples filled 
with water. There is no leakage when the bursting pressure is about 3.6 
kPa which is regulated by general technical conditions for a stapler in 
YY0245-2008. This indicates that the magnesium alloy surgical staple 
can provide sufficient mechanical support after anastomosis. To char-
acterize the damaging behavior of the intestine after anastomosis, the 
uniaxial tension test was conducted. The maximum bearable force of the 
intestine nailed by Mg staples is slightly lower than that nailed by Ti 
staples when the intestine is anastomosed using a tubular stapler (Fig. 2 
(g), Fig. S5), but it is not statistically significant. As for linear anasto-
mosis, the maximum bearable force of the intestine nailed by Mg and Ti 
staples is almost equal to each other. Moreover, all the broken positions 
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are at the anastomotic sites, and a neat fracture is found at the nail hole 
within both groups. Mg staples exhibit good performance for intestinal 
anastomosis in vitro. 

3.1.3. Degradation properties 
The degradation behavior of the Mg-MP staple was evaluated by 

contrast to the bare Mg staple by static immersion in SCF for different 
time points since the MAO coating without PLLA covered failed after 60 
min in SCF (Fig. S6). Fig. S7 and Fig. 3(a) depict morphologies of bare 
Mg staples and Mg-MP staples with time, respectively. As can be seen, 
both staples remain intact after 7 days, while the majority of bare Mg 
staples are corroded after 14 days. Fig. 3(b) shows the result of the re-
sidual mass ratio. The mass loss of bare Mg staples is 76.4 ± 5.7% after 
14 days, while that of Mg-MP staples is just 8.5 ± 4.3%, and meanwhile, 
corrosion pits began to appear on the surface of the Mg-MP staple. As the 
soaking time increases, the corrosion pits on Mg-MP staples become 
more apparent, and the residual mass ratio is 36.2 ± 4.3% after 42 days. 
It is noted that the degradation rate of Mg-MP staples becomes faster in 
the later stage. Moreover, it can be seen that most of the corroded areas 
are distributed on the outer side of Mg-MP staples. When the wire is 
transformed to the U-shaped staple and then to the B-shaped staple, 
coatings on the area with the large deformation sustain the stress. The 
inner side of the staple sustains the pressure, causing the PLLA coating to 
bulge and the MAO coating to warp (Fig. S8(a)). The outer side of the 
staple is boring to the tension, resulting in cracks in the MAO coating 
(Fig. S8(b)), in which the PLLA coating is also elongated to be thinner 

and thereby easily permeated by liquid. Although the breakage of MAO 
coating led to the local rapid corrosion of the inner and outer parts of the 
staple with only MAO coating, the outer side of the staple should corrode 
preferentially, because the early corrosion behavior of Mg-MP staples 
should be more affected by PLLA coating [28,29]. Furthermore, Fig. 3(c) 
and Fig. S9 show the details of Mg-MP staples in Fig. 3(a). After the 
immersion of 7 days, some white cracks leading by the effect of tension 
and hydrolysis appear on the surface of the PLLA coating, corresponding 
to the corrosion pits as the arrow marks. With the increase in soaking 
time, cracks propagate more. The profile of staple feet becomes undu-
lating because of the accumulation of corrosion products, and more 
corrosion pits appear meanwhile. After 42 days, the PLLA coating cracks 
completely with the severe corrosion of the staple. Additionally, the 
electrochemical behavior can assist evaluation of the early corrosion 
resistance (Fig. 3(d)). With the increase in immersion time, the imped-
ance remains stable from 3 days to 7 days, indicating the dual-layer 
coating can keep the staple to maintain good corrosion resistance in 
the early stage. 

Fig. 3(e) shows the tensile force of the single staple by the tension 
test. The mechanical change of staples in early degradation is crucial for 
the safety of implantation. Herein, the endpoint of the steady defor-
mation is considered as the maximal bearing load of the staple. After 7 
days, the maximal load of bare Mg staple is 0.7 N. For the staple with 
coatings, the maximal load can retain at 1.6 N after 14 days. Besides, the 
Mg ions released during the degradation process are detected within 45 
days (Fig. 3(f)). Since the unit of mg is often used to measure the daily 

Fig. 2. Fluorescent morphologies of L-929 and IEC-6 cells cultured in the extracts of Mg, Mg-MAO, and Mg-MP staples after 4 days (a), and the cell viability 
expressed as a percentage of the viability after 1, 4, and 7 days of culture (b) and (c). Photographs of hemolysis caused by the extraction medium of Mg-MP staples at 
a different time (d). The pH value of extracts after incubating Mg-MP staples for 3 days and the corresponding hemolysis ratio (e). Images of isolated porcine colon 
tissue anastomosed using Mg staples by the tubular stapler and linear stapler (f). The maximum bearable load of the intestine anastomosed by Mg and Ti staples and 
images of broken position after tensile tests (g). 
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intake, daily soluble ions are calculated based on the solution ion con-
centration and the number of staples in the tubular stapler. The number 
of daily magnesium ions released from bare Mg staples and Mg-MP 
staples is less than 2.2 mg and 0.8 mg, respectively, which is much 
less than the daily intake amount [30]. 

To further explore the degradation of staples, staples are nailed on 
the simulated intestinal material and then immersed in SCF for 28 days. 
Fig. 4(a) depicts the sample used for the immersion test. It can be seen 
that Mg staples can hold this material together well without the cross 
beam and curving feet abnormally deformed. Morphologies detected by 
XRM after the immersion for 14 days show there is no fracture on sta-
ples. The reconstructed image demonstrates that the bare Mg staple is 
preferred to corrode at the area as green arrows mark, where are not 
covered by the material. Staples with coatings are no sign of corrosion at 
this time. When samples are soaked until 28 days, the cross beam and 
feet of bare Mg staple corrode severely, while the overall structure of the 
staple is still visible. Meanwhile, small corrosion pits are observed on the 
Mg-MP staples after 28 days’ immersion. The residual mass ratio of bare 
Mg staples after 28 days is 83.5 ± 0.6%, while only 2.5 ± 0.6% of Mg- 
MP staples mass is degraded (Fig. 4(c)). The degradation rate of sta-
ples nailed on the simulated intestine material is much lower than that of 
staples by direct immersion. Moreover, the amount of Mg ions released 
during this degradation process is also lower than that of the human 

daily intake (Fig. 4(d)). 

3.2. In vivo results 

All beagle dogs survive in good health after surgery. One dog of the 
control group for the long-term view is not integrated into the following 
evaluation due to an aspiration event during the postoperative CT 
examination. 

3.2.1. Postoperative healing situation of animals 
As illustrated in Fig. S10, dogs’ weight gradually decreases during 

the postoperative 7 days due to the dietary control in the first few days 
after surgery. Signs of weight recovery appear at 28 days. The colon 
anastomosis fistula and abdominal cavity infection do not happen. A 
slight adhesion near the anastomotic stoma is found in two groups at 7 
days and 90 days (Fig. S11). According to the Knightly grade criteria for 
abdominal adhesions, Table S4 illustrates the comparison of data sta-
tistics. There is no significant difference between the two groups. 

CT scanning and dissection test are conducted at postoperative 7 
days and 90 days. Fig. 5(a) shows the representative 2D reconstruction 
images and details of the anastomotic wound. After 7 days in vivo, the 
integrated Ti and Mg-MP staples are detected and observed on the in-
testinal wall. A part of the surface of the Mg-MP staple has already been 

Fig. 3. Morphologies of Mg-MP staples after 7, 14, 21, and 42 days’ immersion (a), the residual mass ratio evolution of Mg and Mg-MP staples (**p＜0.01) (b), and 
the details of Mg-MP staples as the area marked in figure (a) by the rectangle (c). Nyquist plots of Mg and Mg-MP staples after immersion (d). The tensile curve of the 
single staple (e) (the green arrow refers to the endpoint of steady deformation). The weight of magnesium ions released in solution daily (f). 
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corroded to be dark black, but the part embedded in the tissue is still 
white. This phenomenon is consistent with the evidence from the in vitro 
immersion. The exposed region to intestinal fluid is degraded initially. 
At postoperative 90 days, Mg-MP staples are undetected from the CT 
scanning. From the following dissection observation, Mg-MP staples are 
degraded completely with the anastomotic wound healed, where the 
involution of the mucosa and serosa layer is connected neatly and 
smoothly. In terms of the Ti group, intact Ti staples are seen after 90 
days of implantation, and the surrounding intestine tissue is mild 
swelling. 

More importantly, the bursting pressure test is a key to evaluating 
intestine healing, and the pressure is shown in Fig. 5(b). It can be seen 
the pressure increases with the implantation time, indicating the tissue 
is incomplete recovery at postoperative 7 days. The intestine pressure 
healed with Mg-MP staples after 7 days can be achieved at 27.7 ± 2.5 
kPa, nearly 74% of the bearable pressure of healing tissue at 90 days. By 
contrast, the pressure at postoperative 7 days and 90 days of the Ti staple 
group are 25.7 ± 4.0 kPa and 35.1 ± 3.8 kPa, respectively. There is no 

significant difference through data statistics between the two groups, 
suggesting Mg-MP staples can assume the role of Ti staples for intestine 
reconstruction. On the other hand, the diameter of the anastomotic 
stoma is measured as shown in Fig. 5(c), and there is no difference. 

Besides, we record the distribution of broken positions after the 
bursting pressure test and pH value of fluid surrounded staples, as listed 
in Table 1. The anastomotic stoma connected by staples is prone to 
rupture after 7 days of implantation. However, broken positions are 
randomly distributed at the intestinal tube and anastomotic stoma at 90 
days. This is assistant evidence to prove that the intestine tissue is not 
entirely healing at the postoperative 7 days but still has most of the 
strength of the healthy intestine, which also corresponds to the collagen 
distribution type around the anastomotic site (Fig. S12). Moreover, the 
degradation of Mg alloys can lead to the local alkaline areas generally. In 
this study, the pH value of fluid around the anastomotic stoma in the Mg- 
MP staple group can remain at 6 to 8. There is no difference compared 
with the Ti staple group. 

Fig. 4. Images of Mg staples nailing on the simulated intestinal material (a) and morphologies of staples after the immersion of 14 and 28 days (b) (the green arrow 
refers to the corroded areas). The residual mass ratio of Mg and Mg-MP staples (c) and the number of magnesium ions released (d). 
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3.2.2. In vivo biocompatibility 
Pathological evaluations support the analysis of the local tissue 

response to the degradation of Mg-MP staples. Fig. 6(a) shows the 
representative intestine tissues surrounding Mg-MP and Ti staples 
stained with H&E and Masson. Holes pierced by staples are visible in 
images as the arrows refer to. Many infiltrating inflammatory cells are 
observed at two-time points, while this inflammation reaction subsides 
at 90 days. Moreover, abundant collagen and well-organized fibrous 
elastin are also observed at postoperative 90 days. As the H&E staining 
image in Fig. 6(b), a small number of lymphocytes are found with no 
neutrophils and no tissue necrosis. To further identify the inflammatory 
cell type, immunohistochemistry staining with several antibodies is 
performed. Staining with the CD3 antibody confirms the existence of T 
lymphocytes in two groups after 90 days, while the CD20 and CD68 
antibody staining are negative. Fig. 6(c) shows the ultrastructure of in-
testinal epithelial cells at the anastomotic stoma after 90 days. The tight 

junction of epithelial cells and the goblet cells with secretion function 
containing rich mucus particles are normal. The uniform size microvilli 
of the intestinal mucosa epithelial cells are arranged neatly. There are no 
histopathological changes or abnormal growth. 

To explore the effect of translocation and metabolism of degradation 
products on organs, we analyze the pathological observation and 
alloying elements concentration of internal organs. Fig. 7(a) shows H&E 
staining images and ultrastructure investigated by TEM of the heart, 
liver, kidney, brain, and spleen tissue. No inflammatory cell infiltration, 
histopathological changes, or corrosion product accumulation is 
observed after 90 days. The aggregation of chromatin and the number of 
mitochondria in hepatocytes are normal. No degeneration and necrosis 
are observed in glomerular capillary endothelial cells. All organs exhibit 
a healthy histological morphology. Fig. 7(b) depicts the concentration of 
magnesium, aluminum, zinc, and manganese ions in organs besides 
muscle and bone. By comparison with the Ti staple group, these ion 

Fig. 5. CT scanning and anatomical observation at postoperative 7 days and 90 days (a) (red arrows show the existence of staples, and blue arrows mark the white 
surface of Mg-MP staples). The statistic of intestinal bursting pressure (b) and anastomotic stoma diameter within Mg-MP and Ti staple groups at postoperative 7 days 
and 90 days (c). 

Table 1 
The statistics of broken positions and the pH value of the fluid surrounding implants during the bursting pressure test.   

Broken position pH value 

Materials 7 days 90 days 

Intestinal tube Anastomotic stoma Intestinal tube Anastomotic stoma pH = 6 pH = 7 pH = 8 

Mg-MP staples (n = 12) 0 3 4 5 4 7 1 
Ti staples (n = 11) 0 3 3 5 4 6 1  
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concentrations in the Mg-MP staple group are not statistically abnormal. 
There is no significant difference in both groups, which implies the 
degradation products of Mg-MP staples do not cause abnormal effects on 
the muscle, bone, and internal organs. 

Dogs’ peripheral blood was collected at preoperative 1 day (Pre-1) 
and postoperative 7, 28, and 90 days for detecting physiological in-
dicators (Fig. 7(c)). The value of white blood cells increases significantly 
at 7 days but returns to normal at 28 days. The blood biochemical 
analysis indicates normal functions of internal organs and no statistical 

significance between Mg-MP staples and the control group. In contrast 
to the Ti staple group, the concentration of serum magnesium ion, cal-
cium ion, and potassium ion are not disturbed with the degradation of 
these Mg-based staples. 

Fig. 6. Postoperative histology results of tissue surrounding the staples by (a) H&E and Masson staining (red arrow refers to the holes pierced by staples), (b) 
immunohistochemical staining of CD20, CD68, and CD3 antibody. The ultrastructure of intestinal epithelia around the anastomotic stoma by TEM at 90 days (c). 
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4. Discussion 

4.1. The feasibility of Mg-MP staples for colonic anastomosis 

Surgical staples are used to facilitate the closure and healing of 
wounds by upholding tissues together. For colonic anastomosis, an ideal 
biodegradable anastomotic material should fulfill several fundamental 
criteria, including good initial corrosion resistance, adapted and lasting 
mechanical properties, suitable degradation rate, and good biocompat-
ibility. In light of this, we fabricated a type of Mg-based staple with 
favorable mechanical properties and biodegradability and verified its 
feasibility to apply in colonic anastomosis. 

4.1.1. In the view of staple degradation 
Biocompatibility is one of the most pivotal factors to be evaluated 

when considering one material as a medical device. For the biodegrad-
able materials, degradation products and ions released from devices 
should not induce local or systemic toxicity at least and might better 
help the healing process [16,31–33]. Regarding the staple we design in 
this study, the degradation of this staple does not cause cytotoxicity, 
hemolysis, or abnormal skin irritation, which illustrates its good in vitro 
biocompatibility. In vitro degradation tests show the degradation of Mg 
is largely inhibited by using the dual-layer coating. As shown in Figs. 3(f) 
and Fig. 4(d), the daily magnesium ions released from coated staples 
soaked in two ways are less than 2.5 mg and 0.05 mg, respectively, 
which is much less than the body’s daily intake of Mg [30]. As for the in 
vivo experiment, there is no statistically significant difference in the level 

Fig. 7. Pathological images and the ultrastructure observation of the internal organs (heart, liver, kidney, brain, and spleen) at postoperative 90 days (a), and 
element analysis (μg/g) of alloying elements (magnesium, aluminum, zinc, and manganese ions) in organs including the muscle and bone at postoperative 90 days 
(b). The blood biochemical analysis of dogs’ peripheral blood after implanting Mg-MP and Ti staples at each time point (preoperative 1 day, postoperative 7, 28, and 
90 days). 

Y. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 22 (2023) 225–238

235

of serum magnesium ion between Mg-MP and Ti groups after implan-
tation (Fig. 7). The degradation of the Mg-MP staples does not cause an 
increase in serum magnesium levels. Likewise, the whole weight of 
aluminum in a set of Mg-MP staples is only 1.02 mg. Even though excess 
aluminum ions can damage nerve tissue [34], the absorbent amount 
from the degradation product is much less than the aluminum intake of 
60 mg per day [35]. Additionally, the quantity of magnesium, 
aluminum, zinc, and manganese in the brain, heart, kidney, spleen, and 
liver also demonstrates no element accumulation after Mg-MP staples 
are fully biodegraded. Hepatorenal function and organ pathology ex-
amination show no abnormality during the whole implantation period. 
Therefore, there is no need to worry about the excessive Mg resulting 
from the degradation of staples. 

Adequate support time during the healing process is another vital 
requirement for anastomotic staples. The premature failure of staples 
may lead to anastomotic fistula and even risk patients’ life. Therefore, 
unlike the permanent implant material, the mechanical properties of 
biodegradable materials, especially their changes during degradation, 
catch much attention. From the result of in vitro bursting pressure, there 
is no leakage when the bursting pressure is about 3.6 kPa. All intestines 
are broken along the staple holes in both groups (Fig. 2(g)). Therefore, 
magnesium staples have sufficient support at the beginning of implan-
tation. As obtained from the immersion result, the tension force of the 
Mg-MP staple can remain for 14 days, suggesting that the dual-layer 
coating has an effective protective effect on the Mg substrate. After 
the implantation of 7 days, Mg-MP staples are detected as shown in 
Fig. 5(a). The intestine already has a certain strength and is not entirely 
dependent on the support of staples at this time. Thus, the mechanical 
properties of magnesium alloy anastomotic staples meet the usage 
requirement. 

4.1.2. Unique implantation environment 
For clinical use, the biodegradable device should fit into the healing 

process of damaged tissues and be completely degraded after tissue 
healing. So far, biodegradable Mg alloys have been investigated for 
application in the orthopedic and cardiovascular fields mostly. The 
implants, such as cardiovascular stents and bone screws, need to stay in 
the body for several months or even years, which puts a high require-
ment on corrosion resistance. For the intestinal environment, even 
though the juices flow [36,37], intestine wriggling [38,39], and food 
friction might accelerate the corrosion rates of devices, the Mg-based 
anastomotic staple still possesses particular advantages in intestinal 
anastomosis. Firstly, it must be noted the healing time demanded after 
intestinal anastomosis is shorter. The fusion of the muscular layer is 
revealed after the intestinal anastomosis of six days [40], and anasto-
motic stoma has some mechanical strength after 7 days [41,42]. Thus, 
the duration time of sufficient mechanical support provided by staples 
should be more than one week. Even though the degradation rate of Mg 
alloys is fast, they may meet this requirement by improving their early 
corrosion resistance. Secondly, the anastomotic stoma is not a confined 
space. The hydrogen generated during degradation cannot be accumu-
lated and result in tissue swelling before endothelialization [13]. The 
staples nailing on the anastomotic stoma inside the intestine might be 
discharged with feces after degradation. Thirdly, the degradation of Mg 
can achieve other biological functions. It is reported that magnesium 
staples can suppress inflammatory responses and promote the regener-
ation of tight junctions in the intestine compared to titanium [21,43]. 
Costantino et al. [44] also supported that the Mg-based biomaterials 
could induce a faster inflammation resolution while improving tissue 
repair. Additionally, the anti-tumor effect of magnesium degradation 
has also been concerned [45,46]. 

4.2. The degradation process of the Mg-MP staple with tissue healing 

The MAO ceramic coating is an efficient surface treatment to 
improve the corrosion resistance of Mg alloys and adhesion strength 

between the polymer film with Mg substrate [25,47,48]. The composite 
coating of MAO and polymers has been reported in numerous previous 
studies [28,29,49]. Unlike preparing a coating on a metal material 
without subsequent deformation, coatings on the staple need to with-
stand the deformation when staples anastomose the intestinal wall. As 
shown in Fig. S8, the MAO coating is broken at the position with the 
large deformation, and the PLLA coating is folded inside the staple due 
to the pressure stress. Herein, given the in vitro results of staples, we 
summarize three main factors to explain the degradation of Mg-MP 
staples: (1) The PLLA coating is permeable to the solution thereby the 
corrosion preferentially occurs at the interface of PLLA coating and 
substrate, especially at the cracks on the MAO coating [29]. (2) Due to 
the hydrolysis and the swelling stress caused by hydrogen bubbles and 
the external tension, PLLA coating becomes more fragile with time [50]. 
The failure of PLLA coating accelerates the degradation rate of the sta-
ple, and the degradation of Mg conversely promotes the hydrolysis of 
polylactic acid. (3) The middle part of the staple is covered with tissues 
after implantation, and the surrounding tissue acts as a barrier layer to 
prevent staples from being corroded by flowing intestine juices. In a 
word, based on the degradation mechanism in vitro and the conditions in 
vivo, the degradation evolution of the Mg-MP staple with the healing 
process is shown in Fig. 8. At the initial stage of implanting, the staple tip 
without coatings is firstly degraded. The solution also penetrates 
through PLLA coating to the interface, resulting in corrosion of the 
substrate, especially at the deformed position exposed in the intestinal 
juice (Fig. 5(a), Fig. 8-II). Meanwhile, the anastomotic wound is mild 
swelling with many infiltrated inflammatory cells after 7-day implan-
tation (Fig. 6(a)) and achieves primary healing. The bursting pressure of 
the Mg-MP group is 27.7 kPa, 74% of that after 90 days. When the 
generation rate of hydrogen or degradation products is more than the 
volume loss of substrate, PLLA coating will be peeled off under internal 
and external stress as shown in Fig. 8-III. At the same time, staples 
should have been covered with intestinal tissue. As the corrosion pro-
ceeds, the fluid is more likely to permeate from the rupture position of 
PLLA coating and degrade the segments wrapped in tissue, eventually 
causing the breakdown of staples. As a result, all the staples degrade 
within 90 days entirely, and the inflammation reaction also subsides. 
The average bursting pressure of the intestine in the Mg-MP group is 
about 37.4 kPa, which is no significant difference from the 35.1 kPa in 
the Ti group statistically. The intestinal reconstruction is completed 
(Fig. 8-IV). The Mg-MP staples can assume the role of Ti staples for colon 
reconstruction and be completely degraded without any side effects. 

4.3. Outlook of this research 

Table 2 lists the recent in vivo studies on Mg and Zn alloys in the 
gastrointestinal tract. Compared with Mg alloys, the zinc alloy staple 
with better corrosion resistance exhibits a slower degradation rate in a 
more hostile environment. However, its degradation time is too long for 
gastrointestinal healing. For Mg alloys without coatings, the degrada-
tion time of them in the gastrointestinal tract is closely related to the 
implantation method and material. Based on the comparison of Mg alloy 
ring and staple, the direct contact with gastrointestinal fluids might 
cause the rapid degradation of Mg alloys. Therefore, ensuring the suf-
ficient mechanical support of Mg alloy staple during initial gastroin-
testinal healing is particularly important for patient safety. To sum up, 
biodegradable surgical staples have made some progress in recent years 
but still do not receive enough attention. On the one hand, the complex 
and diverse environment of the gastrointestinal tract requires compre-
hensive verification of biodegradable staples, and on the other hand, the 
feasibility verification of staples requires more large animal experi-
ments. At present, the proportion of suture staples in surgery has 
increased year by year, especially in the application of endoscopic sur-
gery [54]. In addition to the gastrointestinal tract, suture staples can also 
be widely applied for pulmonary anastomosis [55], bronchial anasto-
mosis [56,57], and esophagogastric anastomosis [58]. Therefore, more 
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exploration works of biodegradable staples are still needed in the future. 
Based on the research result that we had successfully prepared 

continuous high-performance magnesium alloy wires in 2010, we 
completed all animal experiments in 2012. It had been more than ten 
years since the current study was initiated. With the development of 
subsequent research, we found our trial has several limitations 
regarding the selection of magnesium alloy and the design of animal 
experiments. First, due to the lack of research on medical magnesium 
alloys at that time, AZ31 was basically the only alternative to success-
fully prepare fine wire and staples due to its excellent combination of 
mechanical properties and deformability. However, Al-containing 
magnesium alloy is not the best choice for implants. This has been 
improved in our subsequent studies. At present, Mg–Zn alloy wires have 
been successfully prepared and rival the mechanical properties of AZ31. 
Relevant research results regarding the microstructure, mechanical 
properties, and in vitro degradation behaviors have been reported [17, 
18,25,26]. Second, to obtain the statistically significant in vivo result, we 
only selected postoperative 7 days and 90 days as the test points, cor-
responding to the short time point that the wound was closing up and the 
long time point in which the staple had completely degraded. Due to 
budget constraints and an urgent need to explore the feasibility of the 
magnesium alloy surgical staple, we performed the stomach-small in-
testine and colon-colon anastomoses on one dog. Even with two sets of 
magnesium alloy staples, all dogs implanted with magnesium staples 
survived, and there were no statistically significant differences in all 
physiological indices compared with the titanium group. However, since 
the gastric and small intestinal environments are very complex and not 
conducive to the study of magnesium alloys, we reported the in vivo 
results of colonic anastomosis in this paper. Due to these limitations, 
systematic experimental results are not reported publicly in time. At 

present, more detailed work about magnesium staples is still underway, 
and the above deficiencies will be improved in the follow-up 
experiments. 

5. Conclusion 

In this study, we fabricated a type of full-biodegradable Mg-based 
surgical staple for colonic anastomosis, and the performance of this 
staple was evaluated using a dog model. In vivo experiments demon-
strated that the Mg-based staple remained in its integrated structure 
after 7 days and completed degradation after 90 days. The degradation 
of Mg-based staples showed excellent biocompatibility without severe 
inflammation, tissue necrosis, or abnormal hyperplasia. The colon 
wound recovered at postoperative 90 days without leakage and stenosis. 
12 dogs with Mg-based staples fully recovered with no element accu-
mulation in organs. Considering the in vitro and in vivo results, we pro-
posed the degradation mechanism of this staple with the situation of 
tissue healing. The favorable performance makes this Mg-based anas-
tomotic staple an ideal candidate for colon reconstruction in medicine. 
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Fig. 8. Schematic diagram of the evolution of degradation mechanism of Mg-MP staple with the healing process (figure I - IV are the cross-section view of colon 
tissue with the staple nailed, the red part refers to the intestinal wall). 

Table 2 
Recent in vivo studies on magnesium and zinc alloys in the gastrointestinal tract 
[14,19,27,51–53].  

Materials Implantation methods Duration Final state 

Mg–Zn–Y-Nd stent 
with MAO/PLLA 
coating 

Implanted in the pigs’ 
intestine 

8 days Structural integrity 

Mg–4Zn-0.1Sr ring Implanted in the pigs’ 
small intestine 

2 weeks Broken 

Mg-2Nd-1Y staple Stapled the pigs’ 
intestine 

4 weeks Incomplete 
degradation 

Mg–2Zn-0.5Nd wire Knotted on the 
intestine and stomach 

8 weeks Incomplete 
degradation 

HP-Mg staple Stapled the wall of 
pigs’ stomach 

9 weeks Without fracture 

Zn-0.8Li-0.1Mn 
staple 

Gastrointestinal 
anastomosis of pigs 

12weeks 89 ± 2% of the 
remaining volume  
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