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ARTICLE INFO ABSTRACT

Keywords: With an upsurge of biodegradable metal implants, the research and application of Mg alloys in the gastroin-
Degr?dable Mg alloy testinal environment of the digestive tract have been of great interest. Digestive enzymes, mainly pepsin in the
Pepsin stomach and pancreatin in the small intestine, are widespread in the gastrointestinal tract, but their effect on the
};er‘tc:;f;tl;ﬁnal degradation of Mg alloys has not been well understood. In this study, we investigated the impacts of pepsin and

pancreatin on the degradation of Mg-2Zn alloy wires. The results showed that the pepsin and pancreatin had
completely different even the opposite effects on the degradation of Mg, although they both affected the
degradation product layer. The degradation rate of Mg wire declined with the addition of pepsin in simulated
gastric fluid (SGF) but rose with the addition of pancreatin in simulated intestinal fluid (SIF). The opposite trends
in degradation rate also resulted in completely different degradation morphologies in wires surface, where the
pitting corrosion in SGF was inhibited because of the physical barrier effect of pepsin adsorption. In contrast, the
adsorption of pancreatin affected the integrity of magnesium hydrogen phosphate film, causing a relatively
uneven degraded surface. These results may help us to understand the role of different digestive enzymes in the
degradation of magnesium and facilitate the development and clinical application of magnesium alloy implanted
devices for the digestive tract.

Digestive tract

1. Introduction environment is more complex. The gastrointestinal tract consists of the

stomach, small intestine, and large intestine. There are some obvious

Magnesium (Mg) and its alloys have gathered much attention as al-
ternatives to permanent medical implants owing to their suitable me-
chanical properties and biodegradability [1-3]. In recent years, medical
magnesium alloys have made great progress in orthopedics and car-
diovascular fields [1,4,5]. With the improvement of magnesium alloy
processing technology, the preparation of high-performance magnesium
wires, plates, and other mini-size materials has been increasingly
mature. There has been an up-surge interest in the potential use of Mg
alloys for gastrointestinal surgery, such as the biliary stent [6], the he-
mostatic clip [7], and the anastomotic staple [8-12] and ring [13].

Unlike the body fluid and blood environments, the gastrointestinal
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differences between their internal environments due to their different
roles in the digestive process [14,15], including pH value, digestive
enzymes, and ion concentration (Fig. 1). In the stomach, the range of pH
is from 1 to 3, and gastric juice mainly contains stomach acid (hydro-
chloric acid), CI™, and pepsin [16-18]. Lower pH associating with the
relevant amount of Cl™ is helpful to break down food and activate
pepsinogen but detrimental to the degradation of Mg alloys by affecting
the precipitation of magnesium hydroxide on the surface [16,19]. In the
small intestine, the range of pH is approximately 5.0-7.7, and intestinal
juice contains much pancreatin and buffer solution which can neutralize
gastric acid for protecting intestinal mucosa from strong acid attack [14,
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: 5. 7~7.7
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Fig. 1. The diagram of the gastric and intestinal environment.

20,21]. To date, even though numerous efforts based on the actual
physiological environments of certain implantation sites have been
devoted to evaluating the in vitro corrosion behavior of Mg [6,23-25],
reports regarding the degradation of Mg alloys in gastric and intestinal
fluids are relatively limited.

As an ongoing exploration, it is well recognized those inorganic
species govern the degradation behavior of Mg alloys in biological
conditions to a great degree [26-28], and the influence of ion concen-
tration associated with pH value on the degradation behavior of Mg
alloys has also been studied extensively [18,28]. In recent years, some
studies have found organic compounds, such as serum proteins and
several typical amino acids, also have a nonignorable effect on the
degradation of Mg alloys by chelating/binding effect or adsorbing on the
surface [1,22,29-33]. The adsorbed albumin can serve as an effective
protective layer for the degradation of Mg alloys, on the other hand,
affect the formation of the degradation layer during immersion, causing
a higher corrosion rate by the chelation effect [34]. Additionally, the
organics also show different influences on the degradation rate in
different media [30]. The addition of glutamic acid postponed the
degradation of Mg in phosphate buffer solution (PBS) [35], while it
accelerates the degradation rate in Hank’s balanced salt solution (HBSS)
[36]. Although some studies have investigated the application potential
of Mg alloy in the digestive tract, most simulated gastric and intestinal
fluid in vitro does not contain enzymes [8,9,12]. Therefore, the effect of
pepsin and pancreatin on the degradation of Mg alloys in gastric and
intestinal fluids has been unknown.

In this study, the Mg-2Zn wire with a diameter of 1.0 mm was used to
resemble as closely as possible the material condition of anastomosis
devices, because wires are the raw material for making gastrointestinal
anastomosis staples. The effects of two typical digestive enzymes on the
degradation of Mg wires were explored to unveil their contribution to
the degradation behavior of Mg in simulated gastric and intestinal fluids.
Considering the fact that organics has double effects on solution pH
derived from their inherent nature of many generic amino acid units
with amine (-NH3) and carboxyl (-COOH) functional terminals thereby
influencing the degradation of Mg [35], the pH of solutions was main-
tained as stable as possible in the immersion test.

2. Materials and methods
2.1. Materials and preparation

Mg-2Zn (wt.%, the chemical composition is shown in Table 1) wires,
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developed by our research group [37-39] and produced by Suzhou
Jingjun New Materials Technology Co. Ltd. China, with a diameter of
1.0 mm were used in this study. The experimental specimens were first
ultrasonically cleaned for 5 min in acetone, then polished in a solution
consisting of 1 ml nitric acid, 1 ml hydrogen peroxide, and 100 ml
distilled water for 1 min. Finally, they were cleaned for 5 min in ethanol
ultrasonically and dried under the excitation of UV light in the biosafety
cabinet. The surface morphology and microstructure of the wire were
observed by a Sirion200 field emission scanning electron microscope
(SEM, FEL Japan) with an acceleration voltage of 20 kV and spot size of
4, and optical metallographic microscopy (BX60 M, Olympus, Japan) as
shown in Fig. S1, from which it is clear that original wire surface is
smooth and uniform. For preparing the various solutions, hydrochloric
acid, sodium hydroxide, potassium dihydrogen phosphate, pepsin, and
pancreatin were purchased from Sinopharm Chemical Reagent Co., Ltd.
China.

2.2. Immersion test

The degradation behavior was characterized by immersion tests in
simulated fluids prepared according to 2015 Chinese pharmacopeia. The
simulated gastric fluid (SGF) was obtained by dissolving 1% w/v porcine
pepsin in prepared dilute hydrochloric acid solution with pH adjusted to
2.5, and simulated intestinal fluid (SIF) was obtained by dissolving 1%
w/V porcine pancreatin in a solution containing 6.804 g L} KH,PO, with
the pH value of 6.8. The pH of solutions was adjusted by the addition of
HCI (0.1 mol L) and NaOH (0.2 mol L’l), and enzyme-free solutions
were used as a control group (Table S1).

Afterward, a static immersion test was carried out in a water bath
incubator at (37.5 + 0.5) °C for 96 h. Wires were cut into 5 cm and
hanged into solutions with a ratio of the 1 cm? in specimen area to 100
ml in solution volume. The immersion media were replaced at 6 h in-
tervals to minimize the influence of pH change and guarantee the sta-
bility of enzymes, and new sterile containers were also replaced at this
time. After immersion, samples were taken out of solutions, gently
rinsed with distilled water and dried in the air. The degradation products
were removed with boiling chromic acid solution containing 180 g L
chromium oxide in distilled water for 3 min, then rinsed with distilled
water and 100% ethanol. After drying, the mass of the samples was
determined, and corrosion rate (CR, mm/year) was calculated using the
following Eq. (1):

M
CR=8.76 x 10*—— (@D)
Atp

where M is the mass loss (g), A is the sample area exposed to the solution
(em?), t is the immersion time (h) and p is the material density (g/cm®).

2.3. Electrochemical measurements

Potentiodynamic polarization measurements (PDP), electrochemical
impedance measurements (EIS) and linear polarization measurements
(LPM) of samples were conducted in an electrochemical workstation
(PARSTAT 3000A, AMETEK, USA) with a typical three-electrode cell, in
which a saturated calomel electrode (SCE) as a reference electrode, a
platinum slice as a counter electrode, and the sample as a working
electrode. The length of each sample was 5 cm, and the exposed segment
in the electrolyte was 4 cm. Samples were clamped by an electrode
holder to hang vertically with the same ratio as the immersion test.
Before test, samples were immersed in solutions for 5 h till open circuit

Table 1

Chemical composition of Mg-2Zn.
Composition ( wt.% ) Zn Ca Al Mn Si Cu Fe Ni Mg
Mg-2Zn 2.3033 0.0032 0.0407 0.0250 0.0289 0.0008 0.0079 0.0024 Bal
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potential (OCP) reached a relatively stable value. All electrochemical
experiments were carried out using a quartz cell at (37.5 + 0.5) °C, in the
atmosphere (mainly 21% O3, 0.03% CO3). The anodic and cathodic
polarization curves of the samples were measured from the OCP to the
anodic and cathodic side with a scan rate of 2 mV s, respectively. EIS
measurements were performed at the frequency from 100 kHz to 1.0 Hz
at OCP with an AC amplitude of 10 mV. The LPM of the samples was
m?asured at + 20 mV vs. Egcp with a potential sweep rate of 0.16 mV
s

2.4. Degradation products analysis

The degradation products on the surface of wires were collected and
tested using X-ray diffraction (XRD, Bruker, D8-discover) employing a
Cu Ko (A =1.54056 1°\) radiation source with the voltage of 40 kV and the
current of 30 mA. The intensity was collected in the range of 10-90° at a
glancing angle of 0.02° and the scanning speed was 0.15 s/step. Fourier
transformed infrared (FTIR, Nicolet iS10, USA) was used to record the
absorbance spectra of degradation products formed on the Mg surface
from different media. The spectra were recorded with a resolution of 0.5
em?, taking 512 scans. The chemical composition of surface and cross
profile was detected by energy dispersive spectroscopy (EDS, Oxford,
UK). XPS measurements were performed to further analyze the surface
chemical composition at room temperature with monochromatic Al Ko
radiation (1486.6 eV) by X-ray photoelectron spectroscopy (XPS, Phi
Quantera II, USA). The survey spectra were collected using a pass energy
of 200 eV with 1 eV resolution, and high-energy photoemission spectra
were collected using a pass energy of 50 eV with 0.1 eV resolution. Curve
fittings were determined using a Gaussian Lorentzian function and a
Shirley-type background and performed using the Xpspeak 4.1 software.
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3. Results
3.1. Immersion test

The mass loss experiment was employed to monitor the periodical
degradation rate of Mg-2Zn wires for 96 h with replacing the immersion
fluid every 6 h. Fig. 2(a) depicts the curves of the mass loss ratio in four
solutions. The mass loss ratio in SGF is always lower than that in SGF
without pepsin, and the gap is getting much wider after immersion for
30 h. In contrast, the presence of pancreatin in SIF results in a higher
mass loss ratio in comparison with SIF without pancreatin during the
whole immersion process. The corresponding corrosion rate was calcu-
lated based on mass loss data and was shown in Fig. 2(b). Samples
possess a high corrosion rate at the initial stage of the immersion test,
and the rate drops with time in all solutions, which is indicative of the
formation of a corrosion product layer on the surface of wires. Never-
theless, the corrosion rate of the sample in SGF without pepsin increases
sharply after 18 h of immersion, attributing to the combined effect of CI™
and the amount of H' on the corrosion product. By contrast, the
corrosion rate in SGF remains stable. Fig. 2(c) records the variation of
pH value. The pH value in solutions without enzymes is higher than that
in SGF and SIF. The maximum change of pH occurs at 90 h of immersion
with an increment of about 0.37 in SGF without pepsin. As for SIF,
although the corrosion rate is the fastest among the four solutions, there
is a relatively stable pH value with an increment of less than 0.1.

3.2. Electrochemical characterization

Fig. 3(a) shows the anodic and cathodic PDP curves of the Mg-2Zn
wires in different solutions, and the relative electrochemical corrosion
parameters determined by the PDP and LPM are listed in Fig. 3(b). The
corrosion current density (ico) is @ kinetic parameter to evaluate the
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Fig. 2. Plots of the mass loss ratio (a) and corrosion rate(b) calculated from mass loss data of Mg-2Zn wires for 96 h immersion in different media, and variations of

pH in solutions (c).

219



Y. Zhang et al.
(@) 14
= pH=2.5 SGF without pepsin
1.2 —pH=25sGF
—_ —— pH=6.8 SIF without pancreatin
i 4 3]——pH=838SIF
8 R
S 1.4
S 15
f=}
[
8 16
[e]
o 171
-1.81
19 v T T T T
10 107 10° 10% 10* 10° 107

Current density(A-cm?)

Bioactive Materials 7 (2022) 217-226

(b) 200 : :
2.5 SGF without pepsin
180 2.5 SGF
6.8 SIF without pancreatin
160
140 [ 6003
§ 120 T
< 100 3
= = 400 @
~ o
n

[N
o o

o

Solution

Solution

Fig. 3. Typical PDP curves of samples immersed in different solutions (a), and the relative electrochemical corrosion parameters determined by PDP and LPM (b).

corrosion rate, and the polarization resistance (R,) can profile the
corrosion resistance [40,41]. The i.,, decreases slightly when the
Mg-2Zn wire is immersed in SGF, while the sample immersed in SIF has
higher i.,» than that of SIF without pancreatin. Besides, samples
immersed in SGF and SIF without pancreatin have higher R, than that of
SGF without pepsin and SIF, exhibiting a low tendency toward corrosion
and better corrosion resistance.

Fig. 4 shows the EIS results of Mg wires immersed in four solutions.
The Nyquist diagram (Fig. 4(a)) contains a low-frequency capacitive
reactance arc and high-frequency capacitive reactance arc, corre-
sponding to two time constants displayed in the Bode plots of -phase
angle vs frequency (Fig. 4(b)). A slight disturbance occurred at the high
frequency, which might originate from surface bubbles generated during
the static immersion before the measurement. Generally, a larger
capacitive loop represents a better corrosion resistance [42], which is
corresponded to a larger low-frequency modulus impedance (|Z| 1.ouz)-
Thus, the |Z| 1 on, value obtained from Nyquist curves can be arranged in
the following order, SGF > SGF without pepsin, and SIF without
pancreatin > SIF, indicating the pepsin to a certain extent weakens the
corrosion rate and the pancreatin accelerates the corrosion rate. These
findings are consistent with the results of the mass loss test.

3.3. Surface morphology

SEM morphologies of the samples after immersion in solutions for 24
h and 96 h are displayed in Fig. 5. The related results of EDS analysis are
shown in Fig. 6. For the sample immersed in SGF without pepsin after 24
h, there are numerous cracks on the surface, disclosing a honeycomb
film at the black area (Fig. 5(a)). EDS results signified the predominant
constituents are O and Mg. As a comparison, a dense degradation
product with numerous micro-cracks spanning the whole of the surface
is observed on the sample soaked in SGF (Fig. 5(b)). The element P and N
is detected on the surface, indicating the pepsin participates the for-
mation of degradation products. In the case of the sample in SIF without
pancreatin, there are many bright fragments as shown in Fig. 5(c), and

(a) 600 (b) 70

their composition is comprised of Mg, O, and P. For the sample in SIF,
the bright pieces become thicker than that in SIF without pancreatin.
Many flocculent deposits containing element N partially distribute at
random on the surface. The severe non-uniform corrosion is not
observed at this time on all samples’ surfaces, while the corrosion
morphology has been significantly different (Fig. 5(al) to (d1)).

With prolonging the immersion time to 96 h, the surface of the
sample in SGF without pepsin is completely covered with white degra-
dation products (Fig. 5(e)), while the severe localized corrosion can be
seen in Fig. 5(el). As for the sample in SGF, the area of uniform corro-
sion is larger, while the localized corrosion is still inevitable. EDS
analysis demonstrates the element N content of area H is higher than
that of area I, indicating more pepsin exist in the degradation product at
the uniform corrosion area. For the sample in SIF without pancreatin,
the degradation product is fragile and easy to fall off. The surface is very
uniform after the removal of the degradation products in Fig. 5(gl).
However, Fig. 5(h1) shows a comparison of the sample surfaces after
immersed in SIF. The amount of N element is detected on the area K and
L (Fig. 5(h)), suggesting the presence of pancreatin.

3.4. The composition of degradation products

Fig. 7(a) shows XRD patterns of the samples after 48 h immersion.
The result of the sample immersed in SGF without pepsin demonstrates
the presence of magnesium hydroxide (Mg (OH),, reference PDF card
No. 44-1482), suggesting that the Mg (OH); can be formed on the sur-
face of Mg in solution with a pH value of 2.5. The peaks of samples in SIF
and SIF without pancreatin are designated magnesium hydrogen phos-
phate (MgHPO4-3H,0, reference PDF card No. 35-0780). Previous
studies have also shown that the MgHPO4-3H50 can be formed in a
phosphate buffer solution with a constant pH of 6.8 [43]. However, due
to the relatively thin and fragile corrosion layer, the magnesium hy-
droxide cannot be detected and the result of magnesium hydrogen
phosphate in SIF without pancreatin is not obvious.

To give an insight into the composition of the products layer, FTIR
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pH=6.8 SIF

pH=6.8 SIF

Fig. 5. SEM images of degraded surfaces after immersion of 24 h, (a) SGF without pepsin, (b) SGF, (c) SIF without pancreatin, (d) SIF, and of 96 h (e) SGF without
pepsin, (f) SGF, (g) SIF without pancreatin, (h) SIF. (al-h1) are the macro morphologies of samples corresponding to (a-h) after removing the degradation products.
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Fig. 6. Elemental composition of the selected areas marked in SEM images.

reflection spectra were collected from samples. As shown in Fig. 7(b), an
absorption band at 3698 cm™! corresponds to the Mg-OH stretching
vibration, indicating the formation of Mg (OH); on the surface of sam-
ples in the SGF and SGF without pepsin. The broadband centered near
3500 em ™! is attributed to the stretching vibration of the O-H group
[44]. Peaks at 2922 and 2855 cm ™! are attributed to stretching vibra-
tions of C-H groups, and a band at approximately 1648 cm ™! could be

221

ascribed to the bending vibration of carbonyl (C=0) in association state
resulting from the enzymes [33,35]. The shoulder at 1640 em ! s
ascribed to an OH-bending mode of water and/or amide of organic
molecules. There may be some hidden peaks at 1600-1650 cm ™! on
behalf of C=N or C=C [24,36,45], suggesting small amounts of the
enzyme involved in the formation products layer. Strong IR signals in
the range 1290-1550 cm™! arise from the anti-symmetrical CO3~
stretching and/or amide of organic components from pepsin [36,46,47].
Additionally, the bands at the range of 850-1295 cm ™! could be
designated to bending vibration of CO%~ or P-O, such as HPOZ, or
organics.

XPS measurements were conducted to obtain more detailed infor-
mation regarding the influence of organic species on the chemical
composition of degradation product layers. Fig. 8(a) specifies the entire
range of binding energy measurements of samples immersed in SGF and
SIF. The results show that the degradation products on the surface of
samples are mainly composed of C, N, P, Mg, and O elements. Tabulated
XPS data are used to investigate the peak position related to C, N and
their compounds on the XPS spectra (Table 2). Concerning C 1s spectra,
the peak is composed of five contributions at 284.6 eV, 285.4 eV, 286.2
eV, 287.1 and 288.3 eV (Fig. 8(b) and (e)), which represents the carbon
bonds C-H/C-C, C-N, C-O, C=N, and O=C-N, respectively. In general, the
peak at 286.2 eV is assigned to NH-CHR-CO carbons of the protein
backbone, and the peak at 288.3 eV is assigned to the -CO-NH- peptide
bonds of proteins. Moreover, the deconvolution of N 1 s spectra (Fig. 8
(c) and (d)) reveals two components, centered at 399.4 eV and 400.0 eV,
corresponding to the C-N and C=0-NH bonds, as expected for the amine
or amide groups of enzymes. The presence of N can be a reliable crite-
rion for protein adsorption. Thus, these characteristic bands indicate the
presence of enzymes on sample surfaces.
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Table 2
Parameters used for Cls and N1s XPS spectra.
Peak Species Binding energy (eV) Refs
Cls C-H/C-C ~284.6 [48,49]
C-N ~285.4 [48,49]
C-0 ~286.2 [48,49]
C=N ~287.1 [33,50]
0=C-N ~288.3 [48,49]
N1s C-N ~399.4 [33]
C=0-NH ~400.0 [33,51-53]

3.5. Chemical element analysis of cross-sections

To validate the variation of the chemical composition in the inner of
degradation products, chemical element mapping and linear scanning
were conducted for analyzing layer cross-sections. Fig. 9 shows the
distributions of the predominant elements C, O, P, and Mg probed from
all samples. As expected, the existence of O and Mg in Fig. 9(a) and (c)
means the presence of metal oxides. The distribution of C has little
fluctuation along with the entire corrosion layer in them, while there is a
component transition layer measured from the curves of relative
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intensities in Fig. 9(b) and (d). Furthermore, more obvious difference
from the distributions of P are distinguished as shown in Fig. 9(a) and
(b), indicating the organic components distribute in the interface. For
samples immersed in SIF and SIF without pancreatin, there is no obvious
difference in element distribution due to the presence of hydrogen
phosphate ion in the solution. Nevertheless, the fluctuation of P in Fig. 9
(b) and (d) is observed, which may be related to the adsorption of en-
zymes. Table 3 shows atomic percentages of related elements calculated
by selected area analysis. The relative content of C, N, and P is increased
distinctively as the enzyme addition.

4. Discussion

In the present work, we studied the effects of pepsin and pancreatin
on the degradation behavior of Mg-2Zn alloy wires based on the simu-
lated gastric and intestinal fluids. The results demonstrate that the
digestive enzyme plays a particularly important role in affecting the
degradation behavior of Mg wires. Similar to albumin, the enzyme is a
protein composed of many amino acids joined by peptide bonds. Herein,
we summarized existing investigations with regards to the contribution
of albumin and amino acids to the degradation performance of Mg alloys
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Fig. 9. EDS mapping data and line scanning of degradation products after immersion in solutions for 24 h (the red line refers to the line scanning position).

Table 3
Element composition of selected areas (S1, S2, S3 and S4) marked in cross-
sections of products.

Elemental composition (at. %) S1 S2 S3 S4

C 18.19 40.65 13.54 36.60
Mg 30.09 21.12 14.45 13.58
0o 51.31 32.73 57.44 27.92
P 0 2.9 13.64 19.89
N 0 1.71 0 1.06
Zn 0.4 0.89 0.93 0.95

Table 4

Comparison of the influence of the protein and amino acid on degradation rate in
different solutions through the immersion test (the interval means the time of
solution replacement, 1 refers to the accelerating effect of organics in medium, |
refers to the inhibiting effect of organics in medium, 1| refers to the accelerating
effect at first and then the inhibiting effect of organics in medium).

Materials  Solutions Maximum pH Interval  Effects  Refs
of solution

Pure Mg PBS +0.032 mg/ ~ 8.93 None | [35]
L alanine [36]
PBS + 0.012mg/  ~ 8.63 None 1 [32]
L glutamic [30]
PBS + 0.03 mg/L  ~ 8.52 None 1 [54]
lysine Present

Pure Mg HBSS + 292 mg/ ~9.05 2-3 ) work
L r-glutamine days
HBSS + 862 mg/  ~ 8.91 2-3 1
L L-alanyl-- days
glutamine

Mg- 0.9 wt% NaCl + - None 1

1.5Ca 1 g/L BSA

0.9 wt% NaCl + - None |
10 g/L BSA

Pure Mg 0.9 wt% NaCl + ~10.37 None 1
0.1 g/L BSA

M1A SBF + 40 g/L - None 1
BSA

Mg-2Zn pH = 2.5 SGF ~2.78 6h |
with pepsin
pH = 6.8 SIF ~ 6.84 6h 1

with pancreatin
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in different simulated physiological fluids in Table 4. It can be seen the
influence of organic components on the degradation of Mg had not
reached a consensus.

In general, the proteins are considered to have a chelating and bar-
rier function, which is the key factor affecting the corrosion rate of
magnesium alloy [1]. The delayed corrosion was confirmed due to the
physical barrier by adsorbing proteins on the metal surface, and the
accelerated corrosion was deemed to the effect of the binding to metal
cations [1,53-55]. Wang et al. [54] found the blocking effect of the
adsorbed protein layer only mattered in the initial degradation stage but
increased metal dissolution in the later stage. Xin et al. [55] also found
this blocking effect weakened dramatically with elongating the im-
mersion period. In contrast, the bovine serum albumin (BSA) could
hinder the corrosion rate of Mg alloys in the NaCl solution [32,56].

As shown in Figs. 2(a) and Fig. 5, the pepsin has an obvious inhibi-
tory effect for the degradation of Mg wires in SGF, impeding the for-
mation of the pitting corrosion. Instead, the addition of the pancreatin in
SIF accelerates the degradation rate of wires and leads to uneven
corrosion. These two results seem to contradict each other. Nevertheless,
the inorganic environment of SGF with the strong acid and abundant C1~
is different from that of SIF. The chloride ion can cause the breakdown of
the magnesium hydrate passive film and lead to localized corrosion [19,
28]. A lower pH value is detrimental to the formation of magnesium
hydrate since that the solubility is associated with the pH value [26].
Inversely, the passivation film formed by the hydrogen phosphate and
Mg ion can decrease the corrosion rate. Therefore, in Fig. 2(b), an ac-
celeration of corrosion rate of the sample in SGF without pepsin occurs
after immersion of 18 h, while the corrosion rate of the sample in SIF
without pancreatin gradually decreases and then reaches stability.
Moreover, there are also reports that the isoelectric point of the protein
is the main factor alternating the corrosion rate [35,36]. As depicted in
Fig. 2(c), the pH of all solutions is stable in this study.

The adsorption of proteins on the metal surface during the immer-
sion test has been recognized. Divalent cations, such as Ca%t or Mg2+,
can serve as bridging agents to enhance the adsorption of albumin
molecules through electrostatic interaction [32,57]. It is reported pro-
teins could adsorb on the Mg surface, thereby leading to the variation of
the surface layer compactness or thickness, and resulting in a different
influence on the corrosion of Mg alloys [58,59]. As shown in Figs. 6-9, N
and P elements are detected by EDS in the surface and cross-section of



Y. Zhang et al.

products, and FTIR and XPS spectra also indicate the existence of
organic components in the products’ layer. Both enzymes affect the
formation of degradation products. Associating the different results in
SGF without pepsin and SIF without pancreatin, this opposite effect of
enzymes in SGF and SIF may be attributed to the inorganic ionic envi-
ronment. Therefore, these basic mechanisms are depicted in Fig. 10.

When sample are immersed into SGF without pepsin, magnesium
reacts quickly and releases an amount of Mg?" ions, alkaline hydroxyl
anions, and hydrogen gas (Formula (1), (2)).

Mg(s) — Mg2+ (aq) + 2e~ (anodic reaction) (1)

2H,0 + 2¢~ — H, (g)t + 20H™ (aq) (cathodic reaction) 2)

Mgpr (aq) + 20H (aq) - Mg(OH); (s) (Products formation) 3)

Owing to the rich hydrogen ions in the solution, the surface of wires
is relatively homogeneous in the early stages (Fig. 10(al)). In general,
the magnesium hydroxide film is difficult to form in an acidic environ-
ment [26,27]. However, a large number of alkaline hydroxyl anions and
Mg ions are generated with the dissolution of magnesium, which is in
favor of the formation of a diffusion layer with higher pH around the
wire’s surface [60]. Thus, as shown in Figs. 5 and 9, an uneven pro-
tective Mg(OH), film layer is formed on the sample surface (Fig. 10(a2))
(Formula (3)).

As the soaking time increases, the surface is completely covered by
the corrosion product. Under the combined effects of chlorine ions and
hydrogen ions, the surface becomes uneven, and finally, severe localized
corrosion occurred (Fig. 10(a3)). When the sample is immersed in SGF,
hydrogen evolution and enzymes’ adsorption occur simultaneously
(Fig. 10(b1)). Due to the pepsin adsorbed on the sample surface, the
interface between the sample and solution could be changed, causing
the variation of electrochemical parameters [32,61]. As the pepsin
added, the |Z| 1 onz value increases from 446.06 Q cm? t0 505.35 Q cm?,
representing better corrosion resistance of the wire in SGF. The adsorbed
pepsin could increase the integrity of the film layer and cover more

(@) pH=2.5 SGF without pepsin

(b)

pH=2.5 SGF
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surface of Mg wires, hindering the corrosion of C1™ (Fig. 5(b)). However,
the adsorption of pepsin is not a perfect barrier to prevent corrosion
(Fig. 5(f)). The localized corrosion is observed (Fig. 10(b2)) and then
extends more (Fig. 10(b3)). For the SIF without pancreatin,
MgHPO4-3H;0 film forms on the Mg alloy substrate continually (Fig. 10
(c2)). The diffusion zone between the conversion solution and Mg-P film
transfers Mg ions and hydrogen gas to the solution and conversely
transfers HPO%’ and H' ions from the solution to the Mg-P film [43]. It is
recognized that the hydrogen phosphate is beneficial to decrease the
corrosion rate and uniform corrosion of magnesium alloys [26,28].
Nevertheless, the |Z| 1 ou, value decreases with the addition of pancre-
atin. The corrosion resistance of the sample in SIF is lower than that of
the sample in SIF without pancreatin. Besides, the lower R, value from
the LPM result and the immersion test also showed that the addition of
the pancreatin increases the corrosion rate. Although the adsorbed
pancreatin is involved in the formation of corrosion products, it is less
dense than the Mg-P chemical layer, causing easier penetration of the
aqueous solution [54]. The adsorption layer of pancreatin affects the
formation of magnesium phosphate (Fig. 10(d2)). Hence, the uneven
corrosion surface is observed in Fig. 5(d1) and a higher corrosion rate is
found.

5. Conclusions

In this study, we investigated the effect of digestive enzymes, pepsin
and pancreatin, on the degradation behavior of Mg-2Zn alloy wires
based on the simulated gastric and intestinal fluids. The in vitro im-
mersion experiments and electrochemical corrosion measurements
indicated that the degradation rate of Mg wire declined with the addi-
tion of pepsin in SGF but rose with the addition of pancreatin in SIF.
Completely different degradation morphologies were depicted by SEM.
Moreover, EDS, FTIR and XPS results demonstrated that both the pepsin
and pancreatin participated the formation of the degradation product
layer. The physical barrier effect of pepsin adsorption retarded the

(c) pH=6.8 SIF without pancreatin

(d)

pH=6.8 SIF
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Fig. 10. Schematic illustration of Mg-2Zn wires degradation in different media as the immersion time increases, (a) degradation in SGF without pepsin, (b)
degradation in SGF, (c) degradation in SIF without pancreatin, (d) degradation in SIF (the number 1 to 3 means the increase of immersion time).
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pitting corrosion and corrosion rate in SGF, but it is not a perfect barrier
to prevent corrosion. The localized corrosion is observed after the im-
mersion of 96 h in SGF. Instead, the adsorption of pancreatin affected
the integrity of magnesium hydrogen phosphate film, causing the
degraded surface uneven. The research findings indicated that the effect
of enzymes on the degradation of Mg should be studied based on their
living environment, and more investigations regarding the influence of
organic components are still needed to be further explored.
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