Bioactive Materials 5 (2020) 318-333

KeAl
Contents lists available at ScienceDirect

Bioactive
Materials

Ke Al

ADVANCING RESEARCH
EVOLVING SCIENCE

Bioactive Materials

journal homepage: http://www.keaipublishing.com/biomat

Check for
updates

In vitro degradation of pure magnesium—the synergetic influences of
glucose and albumin

Wei Yan’, Yi-Jie Lian®, Zhi-Yuan Zhang", Mei-Qi Zeng", Zhao-Qi Zhang’, Zheng-Zheng Yin",
Lan-Yue Cui®, Rong-Chang Zeng™"*

& Corrosion Laboratory for Light Metals, College of Material Science and Engineering, Shandong University of Science and Technology, Qingdao, 266590, China
Y School of Materials Science and Engineering, Zhengzhou University, Zhengzhou, 450002, China

ARTICLE INFO ABSTRACT

Keywords: The biocorrosion of magnesium in the external physiological environment is still difficult to accurately evaluate
Pure magnesium the degradation behavior in vivo, particularly, in the microenvironment of the patients with hyperglycemia or
Albumin diabetes. Thus, we explored the synergistic effects of glucose and protein on the biodegradation of pure mag-
Degradation nesium, so as to have a deeper understanding the mechanism of the degradation in vivo. The surface morphology
gilz::::;rial and corrosion product composition of pure magnesium were investigated using SEM, EDS, FTIR, XRD and XPS.

The effect of glucose and albumin on the degradation rate of pure magnesium was investigated via electro-
chemical and immersion tests. The adsorption of glucose and albumin on the sample surface was observed using
fluorescence microscopy. The results showed that the presence of 2 g/L glucose changed the micromorphology of
corrosion products on the magnesium surface by reacting with metal cations, thus inhibiting the corrosion of
pure magnesium. Protein formed a barrier layer to protect the magnesium at early stage of immersion. The
chelation reaction between protein and magnesium surface might accelerate the degradation at later stage.
There may be a critical glucose (albumin) content. Biodegradation of pure magnesium was inhibited at low
concentrations and promoted at high concentrations. The synergistic effect of glucose and protein restrained the
adsorption of aggressive chloride ions to a certain extent, and thus inhibited the degradation of pure magnesium
considerably. Moreover, XPS results indicated that glucose promoted the adsorption of protein on the sample
surface.

1. Introduction

Biodegradable magnesium (Mg) alloys have attracted great interest
of scientists in biomedical fields due to their excellent mechanical
compatibility and biocompatibility [1-6]. Compared with traditional
metal materials such as titanium alloy and stainless steel, the density of
magnesium and magnesium alloy (1.74-1.80 g/cm3) is similar to that of
human bone (1.75 g/cm®), and has higher specific strength and stiffness
[5,7-10]. The young's modulus of magnesium alloy (41-45 GPa) comes
near to that of human ossature (40-57 GPa) [11], which can effectively
alleviate the “stress shielding” effect [12]. Mg is abundant in human
body and one of essential elements for many metabolic reactions, such
as muscle contraction and bone metabolism. Due to the biodegrad-
ability of Mg alloys, the degradation products are soluble and non-toxic
substance, which are beneficial in physiology and can effectively avoid
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the second operation after tissue healing [13-15]. Moreover, Mg ions,
produced by the degradation of Mg alloy implants in human body, can
be excreted with urine, which do not cause other complications [16].
Therefore, Mg and its alloys have a broad application prospect in the
fields of screw and plate, vascular stent, plastic surgery and so on
[17-24]. In vivo experiments showed that the degradation rate of
magnesium-based implants is too rapid in physiological environment to
meet the clinic requirements. The severe and uncontrollable biocorro-
sion process significantly reduced the mechanical strength of the im-
plants, resulting in the loss of the support before the implants fully heal
[25-28]. Thus, it is very important to manipulating the degradation
rate of magnesium alloys and we need to have a thorough under-
standing of the degradation mechanism of Mg alloys [29,30]. In the
physiological evaluation of biomaterials, in vivo corrosion test is quite
time-consuming, while in vitro corrosion test is more convenient and
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economical in the early research. Therefore, it is necessary to study the
corrosion behavior of Mg alloy in simulated body fluid in vitro [31].
However, there is a huge gap between the in vitro corrosion and in vivo
degradation behavior of Mg and its alloys. We need a more simulating
in vitro medium to obtain more reliable in vitro detection results
[32-39]. So far, an enormous number of researches have shown that the
corrosion behavior of Mg alloys depends on its chemical composition,
microstructure and production process, as well as its physiological en-
vironment [40,41]. Many corrosion studies have been developed to
evaluate the corrosion degradation behavior [42] of different Mg alloys
(AZ31, AZ91, Mg-Ca, Mg-Zn and pure Mg) in different in vitro phy-
siological environments (0.9 wt% sodium chloride (NaCl) solution, si-
mulated body fluid (SBF), phosphate buffer solution (PBS) and Hank's
solution) [35,43,44]. Most studies are focused on the influence of in-
organic ions (including Ca®*, Mg2*, Cl~, SO42~, HCO;~, CO52™,
HPO,2~, H,P0O, ") in body fluids on the biodegradation behavior of
magnesium alloys in vitro [17,43,45-47]. In contrast, the role and in-
teractions of organic compounds (glucose, amino acids, protein, etc.) in
the regulation of magnesium alloy degradation are not understood
deeply [11,43,48-54].

Glucose (Glu) is a monosaccharide, a kind of polyhydroxy aldehyde.
As the energy source of living cells and the intermediate product of
metabolism, glucose is widely used as a medium for clinical injection of
drugs to patients. The previous studies [55-58], performed by our
group, have shown that glucose and its concentration have different
influences on the degradation behavior of pure Mg in saline and Hank's
solutions. On one hand, glucose promotes the corrosion rate of pure
magnesium in saline solution. Glucose is rapidly converted into glu-
conic acid, which can reduce the pH value of the solution and en-
courage the adsorption of chloride ions on magnesium surface, thus
accelerating corrosion [55]. On the other hand, the existence of glucose
improves the corrosion resistance of pure Mg in Hank's solution, which
is caused by the formation of calcium phosphate compound on the
surface of the samples by the coordination of gluconic acid and Ca®*.
The effect of glucose on the degradation behavior of Mg-Ca alloy and
AZ31 in saline solution was further investigated [57,58]. The results
showed that the presence of glucose accelerated the corrosion kinetics
of Mg-1.35Ca alloy in saline solution. The corrosion resistance of AZ31
alloy was improved in the presence of 1 g/L glucose, while aggravated
in the addition of 2 and 3 g/L glucose [57,58]. It is concluded that the
degradation mechanism and corrosion products of different magnesium
alloys in different SBFs are diverse. Therefore, it is necessary to further
explore the interaction between biodegradable magnesium and glucose
in specific physiological environment. It is reported [59] that the glu-
cose in human body is about 0.7-1.5 g/L, while in normal people it can
be as high as 1.8 g/L, and in diabetics it can even reach more than 2 g/
L. In addition, glucose is injected into the human body as a clinical
medicine medium (5 wt%) to increase the glucose concentration in the
body, so the glucose concentration we selected in this experiment is
2 g/L [56].

Protein is an organic macromolecule and the main participant of life
activities. Therefore, protein plays an important role in the biode-
gradation of Mg alloys in human body. So far, many studies have been
carried out to evaluate the effect of protein on the degradation rate of
different magnesium alloys in diverse media and different conclusions
have been drawn [51-53]. It is generally believed that the degradation
behavior of magnesium alloy is mainly affected by protein adsorption
and chelation. For one thing, protein will be adsorbed on the magne-
sium alloy surface as a diffusion barrier between metal surface and
medium environment, which can inhibit the sorption of aggressive ions
and thus reduce the corrosion rate of magnesium alloys. For another
thing, the chelation between magnesium ions and amino acid molecules
reduces the barrier effect of insoluble salt layer on magnesium dis-
solution [32]. Yamamoto et al. [43] studied the corrosion rate of fetal
bovine serum (FBS) on pure Mg in NaCl and eagle's minimum essential
medium (E-MEM). The results showed that the adsorption of protein
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and the insoluble precipitation reduces the degradation rate. Wan et al.
[60] explored the corrosion mechanism of albumin on PEO coated
magnesium in NaCl and PBS solutions. Liu et al. [61] deemed that the
degradation rate of AZ91 in SBF was about twice that in SBF+1 g/L
albumin. Rettig et al. [62] studied the effect of albumin on electro-
chemical behavior of WE43 alloy in SBF. The results showed that the
inhibition of albumin was owing to the formation of a sealing layer on
the surface in the first few hours of exposure. Mueller et al. [63] studied
the degradation behavior of magnesium alloys (pure Mg, AZ31 and
LAE442) in NaCl and PBS electrolytes containing different C1~ and
albumin concentrations. Hou et al. [32] explored the adsorption of BSA
and fibrinogen on the surface of pure magnesium in different media
(Hank's and DMEM). Kim et al. [50] briefly introduced the process of
protein adsorption (Vroman effect) from the perspective of kinetics. In
conclusion, the reaction between magnesium alloy and protein is re-
lated to the type of magnesium alloy, reaction time and medium en-
vironment. As we all know, the basic unit of protein is amino acid. In
order to better explore the effect of protein on the degradation behavior
of magnesium alloy, we should first explore the effect of amino acid on
the surface of magnesium alloy. Wang et al. in our group [56] studied
the coupling effect of amino acid and glucose on the degradation be-
havior of pure magnesium in normal saline (0.9 wt% NaCl) solution.
Glucose or amino acid can inhibit the degradation of pure magnesium,
while glucose and amino acid can react to form Schiff base to promote
the degradation of magnesium. Furthermore, Wang et al. [64] further
explored the influences of isoelectric point and molecular structure of
different amino acids (alanine, glutamic acid and lysine) on the de-
gradation behavior of pure Mg in PBS and proposed the reasonable
corrosion mechanism of amino acids to pure Mg. However, more sys-
tematic research is needed to discuss the reaction mechanism of pro-
tein.

The objective of the present study is to probe the synergistic effects
of glucose and protein on the biodegradation of pure Mg, and to deeply
explore its degradation mechanism from a new angle.

2. Experimental
2.1. Materials and chemicals

The experimental materials used for this investigation were as-cast
pure magnesium with a purity of 99.97%, supplied by Guangling
Magnesium Industry Science and Technology Co. Ltd. (Beijing, China).
Magnesium plate is cut into small pieces of the same size
(20 mm X 20 mm X 5 mm). Then the samples were polished with SiC
sandpaper (grid range of #150-2500), and then cleaned with distilled
water and ethanol for 5 min at room temperature, followed by drying
via warm air at room temperature prior to the corrosion tests. The
fluorescein disodium salt comes from Shanghai Yuanye Biotechnology
Co., Ltd. The chemicals contained sodium chloride (NaCl), glucose
(CgH120¢) and protein (Bovine serum albumin) were purchased from
Qingdao Jingke Chemical Reagent Co., Ltd., China [56].

2.2. Hydrogen evolution measurement

The solution used in the hydrogen evolution measurement is ap-
peared in Table 1. Each group of hydrogen evolution tests contains four

Table 1
Concentration of the chemicals of the solutions for immersion tests, g/L.

Solution NaCl Glucose (CgH;206) Protein (BSA)
NaCl 9.0 - -

NaCl +Glu 9.0 2.0 -

NaCl+ BSA 9.0 - 0.1

NaCl+ Glu+BSA 9.0 2.0 0.1
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Fig. 1. Curves of (a), (b) hydrogen evolution rate (HER), (c) hydrogen evolution volume (HEV) and (d) pH values as functions of immersion time.

parallel samples. In order to avoid the influence of anions such as
phosphate, sulfate and bicarbonate, we selected a simple saline solu-
tion. The BSA concentration (0.1 g/L) was selected according to the
concentration in human plasma. E. Balint et al. [65] suggested that the
plasma glucose content in normal subjects ranged from 4.6 to 6.1 mmol,
10 mmol/L after meals, and 15 mmol/L in hyperglycemic subjects. The
hydrogen evolution measurements were carried out in a water bath at
37 = 0.5 °C. The pure Mg samples were put into beakers containing
different solutions. Furthermore, the funnel was placed on a plate with
holes to make sure measure hydrogen generated by degradation of pure
magnesium accurately. The effect of glucose and protein concentration
on corrosion rate of Mg should be further investigated. The corre-
sponding hydrogen evolution rate (HER, Vj) can be expressed as fol-
lows:

Vg = V/St an

where V is the volume of hydrogen (mL); S and t are the surface area
(cm?) and soaking time (h) in saline solution, respectively.

The hydrogen volume and the pH value of the solution were taken
notes at 30 min intervals for the first 10 h, and then at 60 min. The pH
value was gauged by a benchtop pH meter (type PH400) [66].

2.3. Electrochemical experiment

The electrochemical behavior of pure magnesium in saline solution
was investigated by electrochemical workstation (VersaSTAT 4). The
cell is a standard three-electrode working system. Magnesium samples
are used as working electrodes, saturated calomel electrodes (SCE) as
reference electrodes, and platinum electrodes as opposite electrodes.
The potentiodynamic polarization curves and Electrochemical
Impedance Spectroscopy (EIS) were measured after the electrode sta-
bilization time of 600 s. EIS measurements were carried out at fre-
quencies of 1 kHz-10 mHz. The potentiodynamic polarization curve
started from approximately —2000 to —1000 mV at a scanning rate of
2 mV/s. Each solution was tested three times in parallel. Moreover, the

higher the polarization resistance (R;), the lower the corrosion rate. R,
can be calculated by stern Geary equation:

By B.

7 230300 (B, + B.) 12)

where, i, is the self-corrosion current density; . and 8, represent the
slope of cathode and anode polarization curves, respectively [67].

2.4. Surface analysis

The surface functional groups of the samples were detected using
Fourier transform infrared spectroscopy (FTIR, Nicolet380, Thermo
Electron Corporation, USA). The phase composition of corrosion pro-
ducts was distinguished by an X-ray diffraction diffractometer (XRD,
Riguta D/max 2500 PC, Japan) with a Cu Kal (A = 0.15406 nm) source
operated at 35 kV and 20 mA. The microstructure and surface mor-
phology of pure Mg samples after hydrogen evolution test were char-
acterized with field emission scanning electron microscope (FE-SEM,
NOVA NANOSEM-450, USA). The chemical compositions of pure Mg
surface corrosion products were probed by energy dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Thermo VG Corporation, MA, USA) [56].

2.5. Fluorescent Labeling experiment

The samples with the size of 10 mm X 10 mm X 5 mm were put
into 24-well plates, and then added 2 mL 0.9 wt% NaCl solution, 2 mL
0.9 wt% NacCl solution containing 2 g/L glucose, 2 mL 0.9 wt% NaCl
solution containing 0.1 g/L bovine albumin, 2 mL 0.9 wt% NacCl solu-
tion containing 2 g/L glucose and 0.1 g/L bovine albumin, respectively.
The next step is to put the samples in a 37 °C incubator for 0.5 h, 2 h
and 24 h, then take it out and wash it three times with NaCl solution,
5 min each time, and blow it dry. Subsequently, each sample was
dripped with 50 pL fluorescein isothiocyanate (FTIC); 24 orifice plates
were placed in a refrigerator at 4 °C for 12 h, and then washed with
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Fig. 2. The plots of (a) open circuit potential (OCP) and (b) potentiodynamic polarization; The bar graphs of (c) Potential and (d) Current density of pure Mg

immersed in different saline solutions.

methanol for three times, 5 min each time. Free FTIC was washed and
dried with NaCl solution for 5 min. Fluorescence microscopy (FM, Leica
DM2500, Germany) was taken for photograph to detect the albumin.
Similarly, sodium fluorescein is used to fluorescently label glucose [68].

3. Results
3.1. Immersion test

Fig. 1 depicts (a), (b) the hydrogen evolution rate (HER) and (c)
hydrogen evolution volume (HEV) of pure Mg immersed in different
saline solutions (with protein or/and glucose) at 37 = 0.5 °C for 50 h.
The curve of hydrogen evolution rate can basically characterize the
change of sample's degradation rate. The samples possess a lower rate
value at the initial stage of immersion test, which may be attributed to
the formation of oxide film on the surface of pure Mg. At the initial
immersion time of 2 h, the degradation rates of the samples are ranked
as follows: NaCl solution > NaCl+ Glu solution > NaCl+BSA solu-
tion > NaCl+ Glu+ BSA solution. During the immersion time of 2-8 h,
the HER of various saline solutions increases rapidly. And it is noted
that the HER in saline solution containing albumin was higher than that
in glucose solution. Subsequently, the HER in NaCl + BSA solution is the
highest, and the degradation rate of samples in four solutions gradually
decrease. According to the curve change trend of the solution of NaCl
+BSA, we could analyze that protein has a strong impact on the de-
gradation behavior of pure magnesium through the combined action of
adsorption and chelation. In the initial stage, adsorption is much faster
than chelation, and the bovine albumin adsorbs rapidly, and acts as a
barrier layer on the pure magnesium surface [69], resulting in the de-
crease of corrosion rate in the initial stage. With the increase of soaking
time, chelation gradually becomes more prominent than adsorption,
which leads to higher degradation rate. The HER in the solution of NaCl
+ Glu+BSA is the lowest owing to the synergetic effects of glucose and
albumin, which formed a dense adsorption layer and inhibited the
degradation of samples. Ultimately, HER remains steady owing to the
consumption of Glu and BSA and the accumulation of protective films.
Note that the HEV results in Fig. 1(c) correspond to the change of
specimen's degradation rate.

Generally, the change of HER corresponds to the pH value of the
solution. The change of solution pH during immersion time is shown in
Fig. 1(d). The initial solution pH values are ranked in the following
order: NaCl+BSA < NaCl+Glu+BSA < NaCl+Glu < NaCl solu-
tion. Obviously, the NaCl solution is nearly neutral. The other three
solutions are weakly acidic when glucose and/or protein were added.
This may be owing to the conversion of glucose into gluconic acid, and
more acidic amino acid groups than basic groups in albumin. The de-
gradation of pure Mg could increase the pH value of all specimens to a

certain extent. The curve of pH value as a function of soaking time goes
through three stages: rapid increase in early stage (0-4 h); the slow
ascending stage; and the slightly decreasing subsequent horizontal
stage. It is noteworthy that the HER in the solution of NaCl+BSA and
NaCl + Glu+ BSA began to decrease at 8 h and 12 h of immersion, re-
spectively. At the immersion time of 8 h, the pH value of NaCl+BSA
solution begins to decrease, and is lower than that of the NaCl solution.
Ultimately, after 12 h, the pH value of NaCl+ Glu+ BSA solution is
lower than that of NaCl+ Glu solution. This may be owing to the dis-
solution of Mg(OH), precipitate in the solution of NaCl+BSA to form
soluble MgCl, and the continuous formation of Mg(OH), degradation
product layer in NaCl solution. The order of pH value of saline solutions
changes as follows: 0.9 wt% NaCl > 0.9 wt% NaCl containing al-
bumin > 0.9 wt% NaCl containing glucose and albumin > 0.9 wt%
NaCl containing glucose. Obviously, the corresponding pH value has a
prominent influence on HER.

3.2. Electrochemical experiments

The degradation behavior of pure magnesium in four different so-
lutions is characterized by open circuit potential (OCP), potentiody-
namic polarization curve and electrochemical impedance spectroscopy
(EIS). As depicted in Fig. 2(a), the OCP curves of pure Mg in four dif-
ferent solutions rise continuously and slightly float and show a small
zigzag shape in the whole test process, which means that the magne-
sium dissolves and gradually forms a corrosion product layer at the
interface until reaching a steady state [45]. Moreover, the potential
value reduces progressively in following order: NaCl +BSA solution >

NaCl+ Glu+ BSA solution > NaCl+ Glu solution > NaCl solution,
which also indicates that corrosion behavior of pure magnesium in
different solutions in early stage. The polarization curves (Fig. 2(b))
indicate that the sample in NaCl+BSA solution has the highest poten-
tial (Ecorr) and the minimum self-corrosion current density (icor). It
could be apparent that breakdown potential (Ep) exists in the solutions
of NaCl+ Glu and NaCl+BSA, and the E; in NaCl+ Glu solution was
higher than that in NaCl+BSA solution. The passivation of the anode
curve in NaCl + Glu solution indicates that a protective layer is formed
on the surface of the sample. The parameters of polarization curves for
pure magnesium in diverse solutions are enumerated in Table 2 [70].
The data indicate that the existence of BSA reduces the degradation rate
in NaCl + BSA solution compared with that in NaCl solution. However,
the synergetic effects of albumin and glucose slightly accelerate the
degradation behavior of pure Mg in NaCl + Glu +BSA solution.

The Nyquist diagram of pure Mg immersed in four solutions
(Fig. 3(c)) contains a low frequency inductive reactance arc, low fre-
quency capacitive reactance arc and high frequency capacitive re-
actance arc [17]. The maximum diameters of capacitance rings of NaCl,
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Table 2

Electrochemical parameters obtained from the polarization curves of pure Mg in different solutions.
Solution Ecorr Leorr Ba -Be Ry

(V/SCE) (10"°Acm™2) (mV-decade ™ 1) (mV-decade 1) (10* Q em [2])

NaCl -1.51 = 0.02 8.36 + 243 57.23 = 11.26 105.75 + 8.24 0.65 * 0.55
NaCl Glu —1.51 + 0.06 7.47 = 2.57 139.87 *= 17.60 85.33 + 9.53 1.27 = 0.35
NaCl BSA —1.48 += 0.09 3.35 = 1.29 235.19 = 21.42 94.82 + 11.24 2.06 = 0.80
NaCl Glu+BSA —1.51 = 0.08 5.40 = 1.31 147.5 = 13.24 105.01 *= 9.26 2.93 = 1.02

NaCl + Glu, NaCl+BSA, and NaCl+ Glu+BSA solutions appear at the
frequency of 63.096 mHz, 39.811 mHz, 31.623 mHz, and 31.623 mHz
respectively. The capacitive loop immersed in NaCl solution is the
smallest, while the capacitive loop immersed in NaCl+ BSA solution is
the largest, indicating that BSA can inhibit the degradation of magne-
sium. Nevertheless, the addition of glucose to a certain extent weakens
the effect of protein on the corrosion resistance of pure Mg samples.
This finding is somewhat different from the results of hydrogen evo-
lution test.

In order to ulteriorly comprehend the degradation behavior of pure
magnesium, the fitting data of EIS are shown in Table 3. The equivalent
circuits model for pure Mg in solution NaCl is shown in Fig. 3(d) (R(Q(R
(Q(LR))))). Ry stands for the resistance of solutions. The equivalent
circuits model for pure Mg in three other solutions is shown in Fig. 3(e)
(R(Q(R(QR))(LR))). We can see that the solution resistance increases

slightly after adding glucose or protein from Table 3. The variables L
and R;, used to describe the low-frequency inductive reactance arc,
represent the inductance and resistance, respectively. The existence of
inductive reactance arc indicates the existence of pitting corrosion on
the sample surface. It is more practical to simulate an electric double
layer with a constant phase angle element (CPE) in most electrode
systems due to the dispersion effect of the activation energy distribution
in the space charge layer and the roughness and inhomogeneity of the
electrode surface. CPE corresponds to capacitance of the system. Charge
transfer resistance is expressed by R.; and higher R, value means lower
degradation rate of magnesium. The R, values obtained by the arc
diameter of Nyquist curve can be arranged in the following order: NaCl
+BSA > NaCl+Glu+BSA > NaCl+Glu > NaCl solution. In addi-
tion, the impedance modulus |Z| at low frequency is an important factor
used for characterize the corrosion resistance of the specimens
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Fig. 3. The Plots of (a) Bode; (b) Bode phase curves and (c) Nyquist; and (d), (e) the equivalent circuits of the electrochemical impedance spectroscopy (EIS) spectra.
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(Fig. 3(a)). Generally speaking, the higher modulus |Z| represents lower
degradation rate. We can perceive that the corrosion resistance out-
comes of |Z| obtained from Fig. 3(a) are in accordance with Nyquist
plots [7,56,64].

3.3. Surface analysis

The change of the surface composition of the sample after soaking in
the albumin solution has a considerable impact on its degradation be-
havior. Fig. 4(a)-(d) illustrate the SEM morphologies of pure Mg after
soaking in different saline solutions for 50 h. We could perceive that the
sample surface immersed in solution NaCl accumulated a lot of flake
corrosion products and had obvious cracks (Fig. 4(a)). Serious corrosion
emerges on the samples. Some network corrosion products and a little
accumulation are formed on the sample surface in NaCl + Glu solution;
and a more uniform and dense corrosion product layer (Mg(OH),) is
formed (Fig. 4(b)). This indicates that the existence of glucose inhibits
the degradation of magnesium alloy. After adding proteins, many ir-
regularly disperse loose clusters of white corrosion products and deep
pits can be found on the whole surface, which means that the samples
are seriously corroded after long-term immersion in saline solution in
the presence of proteins (Fig. 4(c)). The next morphological image
shows that when glucose and protein are added at the same time, a
denser reticulated product layer and a more concentrated white sedi-
ment on the surface of the sample exhibit good corrosion resistance
(Fig. 4(d)) [71]. This is basically consistent with the results of hydrogen
evolution.

According to the corresponding EDS spectroscopic analysis (by
atomic and weight percent) (Fig. 5), the degradation products are
composed of C, Mg, O, N elements and a modicum CI element, implying
that the corrosion product may be primarily composed of Mg(OH),. The
EDS of spectrum #1 and #2 show that there are high content of Mg and
O, and low C content on the sample surface [72]. This situation in-
dicates that the degradation products of pure magnesium immersed in
NacCl solution are mainly Mg(OH), and a small quantity of MgCO3 (few
CO», in air dissolved in saline). Compared with the former, the C content
of spectrum #3 and #4 is higher. This indicates that besides Mg(OH),
and MgCO3, the added glucose also participates in the interfacial re-
action and is adsorbed on the sample surface. EDS spectra of #5, #6, #7
and #8 show that the surface of the sample contains not only higher C
element, but also N element and a small amount of Cl element. The
elevated C element implies that organic compounds (proteins and
glucose) are adsorbed on the surface and lead to a thin adsorption layer
(Fig. 5). The results show that the adhesion of proteins on the Mg
surface promotes the adsorption of Cl~ ions and results in more serious
corrosion of Mg alloys.

Fig. 6 shows the XRD patterns of pure magnesium after different
immersion time (0.5 h/50 h) in different saline solutions. The pre-
dominant peaks of Mg phase are detected in all spectrums [6]. The
peaks at 18° and 38° in Fig. 6(a) indicate that a small amount of mag-
nesium hydroxide is formed on the pure magnesium surface in NaCl
solution and NaCl + Glu solution after 0.5 h of immersion, while protein
adsorption on the surface of the material inhibits the formation of Mg
(OH), on the surface. And there is a small amount of magnesium car-
bonate on the surface. From Fig. 6(b), it can be seen that the peaks at
187, 38°, 51°, 59°, 63 *and 73° after adding glucose or protein, prove the
existence of corrosion products of Mg(OH), on the sample surface. XRD
analysis shows that BSA inhibited the formation of Mg (OH), thin films
and the degradation of pure Mg [57]. Interestingly, the surface of the
sample in solution NaCl Glu after 50 h of immersion represents a strong
peak of magnesium phase, which may be owing to the dissolution of the
corrosion product. In addition, the adsorption of glucose and protein on
the pure magnesium surface can also lead to the sorption of chloride
ions and the formation of other corrosion products. (MgCl,6H,0 and
Mg;(CO3)5(OH),) [58].

The chemical structure and functional groups of corrosion products
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Fig. 4. SEM morphology images of the pure Mg surface after immersions of 50 h: (a) solution NaCl, (b) solution NaCl Glu, (c) solution NaCl BSA, (d) solution NaCl

Glu BSA.
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Fig. 5. The contents of various elements probed of the pure Mg surface after
immersions of 50 h: #1-#2(solution NaCl), #3-#4(solution NaCl Glu), #5-
#6(solution NaCl BSA), #7-#8(solution NaCl Glu BSA).
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on the sample surface soaked in different solutions for 0.5 h and 50 h
are analyzed by Fourier transformed infrared (FTIR) spectroscopy. As
shown in Fig. 7(a), the peak at 3698 cm ! is attributed to the formation
of surface Mg(OH),, precipitation. The absorption bands at 3470 cm ™!
and 3419 cm ™! can be ascribed to the O-H group [73]. The peak at
1658 cm ™ is typical for the C=O0 stretching of amide peptide bonds.
The adsorption peak at 1441 cm ™! is attributed to the tensile vibration
of CO52~, which is the result of the dissolution of carbon dioxide in air
into brine solution. The band around 1060 cm ™! can be considered to
the bending vibration mode of C-H [74], which implying that the vinyl
group in albumin or glucose affects the surface degradation of the
sample. The Mg-O absorption band at 442 cm ™ states that a thin oxide
film is formed on the sample surface. The above results show that the
corrosion products on the sample surface after soaking for 0.5 h are
mainly Mg(OH),, and after adding Glu or BSA, the residual —OH on the
surface of the sample decreases. Fig. 7(b) exhibits the FTIR spectra of
pure Mg after immersed in different solutions for 50 h. The absorption
band at 2360 cm ™! could be attributed to the tensile vibration of Mg-O.
The adsorption peak at 1658 cm ™! is attributed to the bending vibra-
tion of C=0 in glucose or protein, respectively. The bands around
1062 cm ™' become apparent after adjunction of glucose or protein,
which may be the main cause of C-O tensile vibration [51]. The ab-
sorption band of Mg-OH is observed at 564 cm™', which can be
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Fig. 6. XRD patterns of pure Mg immersed in four different solutions for: (a) 0.5 h; and (b) 50 h.
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Fig. 7. Fourier transformed infrared (FTIR) spectra of the samples in four solutions after an immersion of (a) 0.5 h; and (b) 50 h.
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Fig. 8. XPS analysis of pure Mg immersed in four different solutions for 2 h.

attributed to the formation of surface precipitation of Mg(OH)».

XPS is applied to further study the effect of glucose or/and protein
on the degradation behavior of pure Mg immersed in different saline
solutions for 2 h (Fig. 8). Fig. 8(a) specifies the entire range of binding
energy measurements. The results show that the corrosion products on
the surface of magnesium alloy samples are mainly composed of Mg, O,
N and C elements. The existence of N element confirms the existence of
BSA on the sample surface. Fig. 8(d) shows the narrow spectrum of Cy;
of pure magnesium after immersion in NaCl+ Glu solution for 2 h Cy;
spectrum can be divided into three peaks: the main peak at 284.5 eV is
ascribed to C-C/C-H group; the second peak at 285.5 eV may be related
to the existence of C-O group [74]; the new peak at 288.0 eV may have
an bearing on the existence of C=0 group. The existence of C-C/C-H
group and C-O group indicates that glucose is adsorbed on the surface
of pure magnesium rapidly. The existence of C=0 group shows that
part of glucose in the solution is converted into gluconic acid, and its
reaction with magnesium accelerates the corrosion of pure Mg, which
has been confirmed in our previous literature [55]. The deconvolution
of Ny spectra (Fig. 8(b)) reveals two components, centered at 399.5 eV
and 400.3 eV, which correspond to the C-N and C=O-NH bonds, as
expected for the amine or amide groups of BSA. As shown in Fig. 8(c),
the binding energy of N;5 photoelectrons has three peaks at 397.3 eV,
396.7 eV and 398.2 eV, corresponding to O=C-NH, C-N and N-O/C-N,

respectively. The results indicate that the adsorption of protein on the
surface of pure magnesium. As shown in Fig. 8(e), the C;5 peaks on the
sample in NaCl+BSA solution reveal three peaks related to the func-
tions of C-C/C-H (284.6 eV), C-N/C-O (285.9 eV) and N-C=O
(287.9 eV). These results are consistent with those of previous studies
[60], indicating that the characteristic ions of amino acid can be tested.
The existence of the albumin adsorbed on the sample surface plays a
beneficial role by forming a barrier layer, which can prevent aggressive
chlorine ions from penetrating from the electrolyte, thus decreasing the
degradation rate of the magnesium substrate. Similar results can be
observed from the narrow C;s spectrum of the solution of NaCl+ Glu
+BSA, as shown in Fig. 8(f). The C;5 envelope shows four peaks asso-
ciated with C-C/C-H (284.5 eV), C-N (285.4 eV), C=0 (287.7 V) and
N-C=0 (288.4 eV) groups. This finding indicates the presence of glu-
cose compounds and protein compounds on the surface.

3.4. Fluorescent Labeling experiment

Fig. 9 reveals the fluorescence image of the adsorption of albumin
(0.1 g/L) and glucose (2 g/L) on the surface of magnesium alloy at
different immersion times by laser confocal microscopy. The green
fluorescence images (Fig. 9a and c) are derived from fluorescein iso-
thiocyanate-labeled albumin, and the red fluorescence images (Fig. 9b
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Glu

Fig. 9. Fluorescent Labeling spectra of the samples in: four solutions ((a)NaCl BSA,(b)NaCl Glu,(c)-(d)NaCl Glu+BSA) the samples in a 37 °C incubator after an

immersion of (i) 0 h, (ii) 0.5 h, (iii) 2 h and (iv) 24 h.

and d) are derived from sodium fluorescein-labeled glucose [23,32]. It
can be concluded from the figures that when the adsorption time of BSA
on pure magnesium surface is 0.5 h, a small amount of protein is locally
adsorbed on the surface of the sample, and the adsorption amount of
protein on the magnesium surface increases with the prolong of ad-
sorption time; when the adsorption time is extended from 0.5 h to 2 h
The green fluorescent protein has almost completely covered the sur-
face of the magnesium alloy and the brightness is increased, and the
surface is partially defective. It is presumed that: the amount of protein
adsorption increases, and the thickness of the film increases; the reason
is that the magnesium substrate is corroded, the surface roughness is
increased, and the protein adsorption is increased and the protein ad-
sorption layer is not uniform. Continuing to extend the immersion time
to 24 h, the green fluorescence covers the magnesium surface and the
surface appears to be significantly depressed. The result is probably due
to the chelation of protein and corrosion layer, which leads to the un-
even corrosion of magnesium matrix and the shedding of some protein
sites. The depression is likely to be the result of pitting corrosion.
Fig. 9(c) shows a slight increase in protein adsorption compared with
Fig. 9(a). It can be inferred that the presence of glucose promotes
protein adsorption. This conjecture is consistent with the result of XPS.

4. Discussion
4.1. Influence of glucose content on degradation of pure Mg

In order to probe into the influence of glucose on the degradation
behavior of pure magnesium in saline solution, we performed hydrogen
evolution measurement and electrochemical test on samples immersed
in saline solutions with different glucose concentrations (0 g/L, 2 g/L
and 20 g/L). (Fig. 10). Our previous work has explored the effect of
different glucose concentrations in saline solution on the degradation of
magnesium alloys. The data (corrosion current density i, and corro-
sion rate) are summarized in Table 4. Zeng et al. [55] found that
changes in glucose concentration may cause changes in the interface
microenvironment of implanted metal materials in the human body.
Glucose (25 g/L and 50 g/L) accelerated the degradation of pure
magnesium in 0.9 wt % NacCl solution; however, the addition of glucose
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(1 g/L, 2 g/L, 3 g/L) in Hanks solution inhibited the corrosion of pure
magnesium; Cui et al. [58] found that the adjunction of high con-
centration glucose promotes the degradation of Mg-1.35Ca alloy in
saline solution. The electrochemical analysis of Li et al. [57] showed
that the corrosion rate of magnesium alloy AZ31 is not affected by the
low concentration of glucose. Wang et al. [56] concluded that glucose
(2 g/L) may inhibit the degradation of pure magnesium. In the present
study, we come to the same conclusion that the degradation of pure
magnesium is inhibited by low concentration of glucose, and the cor-
rosion rate is accelerated by high concentration of glucose (20 g/L).

As shown in Fig. 10(a) and (b), the hydrogen evolution rate (HER)
curve shows a similar trend. In all cases, HER (the first 5 h) will increase
rapidly and then gradually decrease until it reaches stability. This is due
to pitting corrosion occurs after immersing the sample in the solution
for several hours, and then HER falls owing to the formation of the
corrosion product film and eventually reaches an equilibrium surface.
Note that an increase in glucose content results in an apparent decrease
in HER. In the initial soaking time, the HER in the saline solution with
2 g/L glucose was lower than the HER in saline with 20 g/L glucose. In
the long soaking time (after 14 h), the HER in the saline solution with
2 g/L glucose was higher than the HER in saline with 20 g/L glucose.

The pH results show that the degradation process of the magnesium
alloy in the saline solution is alkalized (as shown in Fig. 10(c)). This
may be due to the different levels of conversion to gluconic acid re-
sulting in different pH values.

As can be seen from Fig. 10(d-g), the addition of glucose (2 g/L) to
physiological saline inhibited the corrosion of the sample in the saline
solution, while the addition of glucose (20 g/L) accelerated the de-
gradation of pure magnesium in the solution. The differences observed
at different concentrations highlight the key effects on glucose content.
Low concentration of glucose can change the microstructure of the
surface of pure magnesium and inhibit its degradation. Glucose at high
concentration can quickly convert into gluconic acid, and then react
with the surface protective layer to promote the corrosion of pure
magnesium. We still need to do further research to better understand
these potential impacts.

A schematic diagram of the potential degradation mechanism of
pure magnesium immersed in saline solution without glucose and with
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Fig. 10. The comparisons of results between 2 g/L and 20 g/L glucose showing (a),(b) HER; and (c) pH value. And the plots of (d) open circuit potential (OCP); (e)
Bode; (f) Nyquist and (g) Potentiodynamic polarization curves of pure Mg immersed in 0.9 wt% NaCl Solution (with the addition of different levels of glucose).

glucose for 50 h is shown in Fig. 11(a) and (b), respectively. When the
samples were immersed in solution (Fig. 8(a)), magnesium quickly
dissolved to release a massive amount of Mg2" ions, alkaline hydroxyl
anions and hydrogen gas. And a partially protective Mg(OH),, film layer
is formed on the sample surface. (Formula (1), (2), (3).

Mg(s) — Mg2"(aq) + 2e” @

2H,0 + 2e” — Hy(g)! + 20H (aq) )

3

In addition, the presence of CO, in the air also has an effect on the
degradation behavior of the sample surface. The CO,, dissolved in water
may form CO52~ or HCO; ™, and then react with Mg®* in the solution
to form MgCO3; or Mg,(CO3)s(OH)4nH,0 (as measured by XRD). The

Mg**(aq) + 20H~ (aq) — Mg(OH)x(s)



W. Yan, et al.

Bioactive Materials 5 (2020) 318-333

Table 4
Comparison of positive or negative influence of glucose on corrosion rate in different solutions.
Materials Solutions Tcorr (A/cm?) Corrosion rate Refs.
Pure Mg 0.9 wt% NaCl 2,99 x 107° Zeng[55]
0.9 wt% NaCl+1 g/L Glu 6.82 x 107° |
0.9 wt% NaCl+2 g/L Glu 452 x 107° !
0.9 wt% NaCl+3 g/L Glu 3.62 x 107° |
0.9 wt% NaCl+25 g/L Glu 9.37 x 107° 1
0.9 wt% NaCl+50 g/L Glu 9.17 x 107° 1
Mg-1.35Ca 0.9 wt% NaCl 2.06 x 10°° Cui[58]
0.9 wt% NaCl+25 g/L Glu 3.2 x 10°° i
0.9 wt% NaCl+50 g/L Glu 4.03 x 107° i
AZ731 0.9 wt% NaCl 2.76 x 107° Li[57]
0.9 wt% NaCl+1 g/L Glu 1.51 x 10°° |
0.9 wt% NaCl+2 g/L Glu 2.47 x 107° |
0.9 wt% NaCl+3 g/L Glu 291 x 107° 1
Pure Mg 0.9 wt% NaCl 6.9 x 10°° Wang[56]
0.9 wt% NaCl+2 g/L Glu 5.81 x 107° |
0.9 wt% NaCl+25 g/L Glu 9.37 x 107° 1
Pure Mg 0.9 wt% NaCl (1.17 + 0.21) x 107° Present work
0.9 wt% NaCl+2 g/L Glu (7.94 + 0.46) x 10°° |
0.9 wt% NaCl+20 g/L Glu (7.60 = 0.43) x 107° i
(a) converted to soluble MgCl,. When the corrosion product dissolves and

S ;;:,:s
.

Substrate

Substrate

N Mg(OH): @I MgCOs * Gluconic acid . Magnesium gluconate

Fig. 11. Schematic illustration of the corrosion mechanism of pure Mg during
immersion in:(a) solution NaCl and (b)solution NaCl Glu.

formation of a relatively thick layer of MgCO3 can inhibit the erosion of
chloride ions and contribute to the corrosion resistance of certain ma-
terials [47]. Some chemical reactions (Formulas (4), (5) are as follows
[refs]:

C02 +H20 had H2C03 had HC037 (4)
7 Mg(OH), +5 HCO;~ + (n-5) H,0 — Mg,(CO3)s(OH)4nH,0 +50H ~
(5)

However, according to Formula (6), the Mg(OH), film layer is sus-
ceptible to corrosion by corrosive chloride ions in solution and is

forms a dynamic equilibrium, the corrosion rate will gradually stabilize.
In our previous work, we explored the degradation behavior of
glucose on pure magnesium. The results showed that the aldehyde
group of glucose((CH,OH(CHOH),CHO)) is active when glucose is
added to physiological saline, and it is converted to gluconic acid
(CH,OH(CHOH),COOH) with an ionizing group (carboxyl group) under
certain conditions (Formula (7)). Then, the glucose acid is capable of
reacting with Mg(OH), coating, slightly destroying the protective film,
which is favorable for the precipitation of magnesium gluconate
((CH,OH(CHOH)4C0O0),Mg) on the sample surface (formula (8)). This
hypothesis is a good explanation for the reduction in Mg(OH), pre-
cipitation after the addition of glucose to the solution [55,58].

Cl~ +Mg(OH), — MgCl,+20H " ©6)

CH,OH(CHOH),CHO — CH,OH(CHOH),COOH (05,37 °C) %)

Mg>* + 2CH,OH(CHOH),COOH — (CH,OH(CHOH),C00),Mg + Ha!
®

We still need to do further research to gain a deeper comprehending
of the mechanism of action of glucose on the degradation behavior of
pure magnesium.

4.2. Influence of bovine serum albumin (BSA) on degradation

The previous studies on the effects of albumin on the degradation
behavior of magnesium alloys have led to different conclusions. The
data (corrosion current density i, and corrosion rate) are summarized
in Table 5. Muller et al. [63] showed that the protein accelerates the
corrosion rate of pure magnesium in PBS solution, and the degradation
rate of magnesium alloy increases with the rise of protein concentra-
tion. They believed that the corrosion layer may be uneven and barely
provide similar protection properties over the entire surface. Wang
et al. [53] explored the effect of protein on the degradation behavior of
M1A alloy in SBF solution. The results showed that the adsorption and
chelation of proteins are manifested by inhibiting the corrosion of the
MIA alloy in the initial stage and promoting the degradation of the alloy
in the later stage. In addition, Fakiha et al. [75] studied the degradation
behavior of different concentrations of bovine serum albumin (BSA) in
simulated plasma. It is concluded that when the albumin concentration
is 10-20 g/L, a complete adsorption protective layer can be formed on
the alloy surface, which reduces the degradation rate of the magnesium
alloy. While the concentration of BSA is lower than 10 g/L or higher
than 20 g/L, the albumin can promote the corrosion of magnesium
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Table 5
Comparison of positive or negative influence of protein on corrosion rate in different solutions.

Materials Solutions icorr (A/cm?) Corrosion rate Refs.

Pure Mg PBS (7.76 + 8.81) x 10°° Mueller[63]
PBS + 0.1 g/L BSA (3.53 * 3.39) x 10 [4] 1
PBS + 1 g/L BSA (12.6 = 7.56) x 10 [5] !
PBS + 10 g/L BSA (3.73 + 5.41) x 10°° i

M1A SBF 3.62 x 1074 Wang[53]
SBF + 40 g/L BSA 2.81 x 1074 Frist | Then 1

AZ80 SBP 2.82 x 107° Fakiha[75]
SBP + 5 g/L BSA 3.98 x 107° i
SBP + 10 g/L BSA 1.01 x 107° !
SBP + 20 g/L BSA 1.78 x 107° !
SBP + 40 g/L BSA 3.37 x 107° !

Pure Mg 0.8 wt% NaCl 6.20 x 10~ 4 Liu[69]
0.8 wt% NaCl+1 g/L BSA 5.80 x 1074 !
0.8 wt% NaCl+10 g/L BSA 450 x 1074 !

Pure Mg (PEO) PBS 1.63 x 107% - Wan[60]
PBS+1 g/L BSA 2.56 x 107° !
0.9 wt% NaCl 2.16 x 1078 -
0.9 wt% NaCl+1 g/L BSA 7.24 x 107° |

Pure Mg 0.9 wt% NaCl (1.17 + 0.21) x 107° Present work
0.9 wt% NaCl+0.1 g/L BSA (3.97 + 0.53) x 10°° !
0.9 wt% NaCl +10 g/L. BSA (3.55 + 0.46) x 10°° !

alloy. Liu et al. [69] showed that in 0.8 wt% NaCl solution, albumin
forms a protective membrane to inhibit the corrosion of pure Mg, and
the higher the protein concentration, the better the protection ability.
Wan et al. [60] obtained the same results that albumin had a certain
inhibitory effect on the degradation behavior of pure magnesium in PBS
solution and 0.9 wt% NacCl solution.

In order to better explore the effect of protein on the corrosion of
pure Mg, we research the saline solution environment containing dif-
ferent concentration of albumin through hydrogen evolution measure-
ment and electrochemical analysis. The results of hydrogen evolution
experiment (Fig. 12(a-c)) showed that albumin could inhibit the de-
gradation of pure Mg in saline solution. This is likely due to adsorption
of negatively charged albumin molecules forming an integrated pro-
tective compact layer, which acts as a physical barrier to mitigate the
alloy degradation [76]. Albumin molecules are composed of various
amino acids linked by peptide bonds. Amino acid is composed of an
amino group (-NH,), a carboxyl group (-COOH), a central C and a side
chain. The BSA has more acid amino acids than basic amino acids and
Its isoelectric point is about 4.7 [52]. Owing to the pH value of the
solution is higher than its isoelectric point, the protein is negatively
charged in the brine solution. Therefore, albumin may bind to Mg?*
ions and adsorb on the sample surface to prevent further corrosion
(formula (9)) [56].

Mg(OH), + 2RCH(NH,)COOH — (RCH(NH;)COO),Mg + 2H,0 (9)

In other words, the micro amount of protein forms a thin layer
through adsorption, which inhibits the degradation of magnesium in
brine. However, the electrochemical analysis (Fig. 12(d-g)) show that
low concentration (0.1 g/L) albumin inhibited the degradation of
magnesium, while high concentration (10 g/L) albumin promoted the
degradation of pure magnesium. The electrochemical results of high
concentration albumin solution are different from those of hydrogen
evolution. It has been accepted that the interaction between albumin
and metal surface includes adsorption and chelation processes. When
the chelation between BSA and metal ions exceeds the adsorption of
BSA, it will stimulate the dissolution of metal. This indicates that the
adsorption layer formed under the action of high concentration protein
may be unstable.
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4.3. Degradation mechanism of the synergetic effect of bovine serum
Albumin(BSA) and glucose

Fig. 13 illustrates the potential corrosion mechanism of pure Mg in
saline solution with protein and glucose. In the initial 2 h immersion
(Figs. 1a and 13a), glucose and protein mainly promote the fast ad-
sorption on the surface of pure magnesium to form a barrier layer on
the surface of the sample and reduce the corrosion rate. When soaked
for 2-10 h (Figs. 1(a) and 13(b)), the protein is negatively charged in
the alkaline solution and will chelate with the positively charged Mg?*,
thus to a certain extent inhibiting the formation of the surface corrosion
product magnesium hydroxide and accelerating the degradation rate of
pure magnesium [32]. After immersion for 10 h (Fig. 13(c)), due to the
consumption of protein and glucose in the later stage, the formation of
the surface barrier layer and the erosion effect of chloride ion on the
alloy surface are basically stable, and the corrosion rate tends to be
gradually stable. From the results of XPS, we can see that the contents
of C and N are obviously increased, which shows that glucose promotes
the adsorption of protein on the sample surface to a certain extent.

Protein is a high molecular nitrogen-containing compound formed
by peptide bond of amino acids. Some of its physical and chemical
properties are similar to amino acids. When glucose and protein are
present in the solution, the hemiacetal hydroxyl of glucose is replaced
by the amino acid amino acid in protein, and a molecule of water is lost
to form the amino acid glycosamine of glucose, which attributed to the
Maillard reaction [77]. This is a nucleophilic substitution reaction and
belongs to SN, mechanism. Previous studies have also shown that
amino acids react with glucose in alkaline aqueous solutions [56,78].
The formula is as follows:

R;C=0 + R'NH; — R,C = NR' + H,0 (10)

Amino acids and glucose have -NH, and —COH groups, respectively.
When used in combination, the chemical reaction between R,C=0 and
R'NH, may be inevitable. The nitrogen atom of R,C = NR’ group may
be deprotonated in the alkaline solution, and then react with the po-
sitive Mg2™ ion, thus promoting the degradation rate of the alloy in the
solution.

5. Conclusions

In this study, the effect of glucose and albumin on the corrosion
behavior of pure Mg in physiological saline solution was investigated.
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Fig. 12. Curves of (a). (b) hydrogen evolution rate (HER) and (c) pH values as functions of immersion time. And the plots of (d) open circuit potential (OCP); (e)
Bode; (f) Nyquist and (g) Potentiodynamic polarization curves of pure Mg immersed in 0.9 wt% NaCl Solution (with the addition of different levels of albumin).

The main results can be summarized as follows: inhibited the degradation behavior, while the chelation of albumin

with magnesium ions at the later stage promoted the corrosion of

(1) Electrochemical tests showed that the existence of glucose (2 g/L) pure Mg in saline. The synergistic effect of glucose and albumin
or BSA (0.1 g/L) decreased the degradation rate of pure Mg in greatly inhibited the corrosion behavior of the sample.

0.9 wt% NaCl. The hydrogen evolution test showed that the ad- (2) The results of fluorescence and XPS analysis showed that the ad-

sorption of albumin on sample at the early stage of immersion sorption and desorption of glucose and albumin on the sample
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Fig. 13. Schematic illustration of the corrosion process of pure Mg during immersion in solution NaCl Glu+BSA: (a) stage i; (b) stage ii; and (c) stage iii.

surface. The increase of N element indicated that glucose promoted
the adsorption of albumin.

(3) SEM, EDS and FTIR results showed that the corrosion product layer
Mg(OH), and the chelate of glucose (or albumin) with metal cations
were formed on the surface.

(4) The results show that different concentrations of glucose (albumin)
have different effects on the degradation of pure magnesium, and
further study is needed to explore its mechanism.
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