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Abstract

Mg alloys possess biodegradability, suitable mechanical properties, and biocompatibility, which make them possible to be used as
biodegradable implants. However, the uncontrollable degradation of Mg alloys limits their general applications. In addition to the factors
from the metallic materials themselves, like alloy compositions, heat treatment process and microstructure, some external factors, relating to
the test/service environment, also affect the degradation rate of Mg alloys, such as inorganic salts, bioorganic small molecules, bioorganic
macromolecules. The influence of bioorganic molecules on Mg corrosion and its protection has attracted more and more attentions. In this
work, the cutting-edge advances in the influence of bioorganic molecules (i.e., protein, glucose, amino acids, vitamins and polypeptide) and
their coupling effect on Mg degradation and the formation of protection coatings were reviewed. The research orientations of biomedical Mg
alloys in exploring degradation mechanisms in vitro were proposed, and the impact of bioorganic molecules on the protective approaches
were also explored.
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Magnesium (Mg) alloys exhibit light weight, high spe-
cific strength [1], good electromagnetic shielding performance
and shock resistance, biocompatibility and biodegradability as
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well [2-4], which have wide application prospects in 3C prod-
ucts, automotive, high-speed rail, and aerospace together with
biomedical fields [5,6]. Their biocompatibility and biodegrad-
ability make them possible to be used as biodegradable metal-
lic materials. Mg is a constant element in human body, which
can activate a variety of enzymes, participates in human
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metabolic processes, promotes the absorption of calcium, and
thus promotes bone growth [7,8]. The excessive Mg?t ions
produced by the dissolution of implanted Mg can be excreted
via body fluid metabolism process, and do not lead to toxic
reaction [9,10]. Mg could be completely degraded in vivo.
However, its standard electrode potential is as low as —2.37 V
vs. standard hydrogen electrode (SHE). Thus, hydrogen de-
polarization corrosion of Mg is prone to occur [11,12]. In
addition, the comparable mechanical properties (i.e., elastic
modulus) of Mg alloys to natural bone reduces stress shield-
ing effect greatly [13]. Based on the relevant advantages of
Mg alloys, scientists and engineers currently focus their inter-
ests on Mg-based bone fixation implants and vascular stents
[3,14-19].

However, the relatively rapid and uncontrollable degrada-
tion limits the development and general applications of Mg
and its alloys. The aggressive CI~ ions in body fluids have a
significant effect on Mg corrosion [20]. Excessive corrosion
of Mg leads to the premature failure of the implants, which
cannot achieve the original intention of treatment. Once the
rapid degradation of Mg-based materials initiates, hydrogen
bubbles will be probably formed, which disturb the healing
process of the surrounding tissues [21-23]. Besides, the lo-
calized alkaline micro-environment caused by the degradation
process is also potentially harmful for the surrounding tissues
[24].

It is of great importance to study the degradation behavior
of Mg alloys. The research on Mg degradation for biomedical
applications is inevitably related to the simulation of service
body fluid environment. The influence of inorganic salts on
Mg degradation has been firstly valued [25-28]. However,
the body fluids in human body contain both inorganic ions
and various organic molecules, which may have different im-
pacts on the service of Mg implants. For instance, Witte et al.
[21] once demonstrated that the degradation rate in vitro is not
significantly consistent with that in vivo. This finding may be
partially attributed to the influence of bioorganic molecules.
Therefore, scientists have explored the role of bioorganic
molecules, such as protein [29-35], lipids [36,37], monosac-
charides (i.e., glucose) [38—42], amino acids [43—45] and vita-
mins [46], on Mg corrosion. However, due to complex human
environment and the fluids with various components, the in-
dividual effect of a simple organic substance on Mg corrosion
is insignificant. Therefore, the synergetic effects of different
organic molecules on Mg corrosion have been explored. This
provides more theoretical insights into the understanding on
the degradation behavior of Mg alloys as biodegradable im-
plants during service period.

In this review, the cutting-edge progresses in bioorganic
molecules-related corrosion on Mg is introduced. The re-
search characteristics and future research outlooks are pro-
posed.

2. Influencing factors on MG alloy corrosion

The influencing factors on Mg degradation are shown in
Fig. 1. From the metallic material perspective, alloy ele-
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Fig. 1. Influencing factors regarding the degradation of Mg alloys.

ments [47-49], microstructure [50-52], and heat treatment
[48,53-55] and processing [53,56-59] as well affect the anti-
corrosion property of Mg alloys markedly [60,61].

The micro-environment around Mg sample during corro-
sion process is mainly affected by solution pH value [62],
aggressive ions, and temperature, among which the corrosive
medium is one of the most significant factors. For instance,
the service environment of vascular stent and blood vessel,
is very complicated, including (1) inorganic salt ions, such
as C17[27,63-65], CO3*7[26,63,64], HPO4>~[27,64,66], K+,
Ca*t [63], (2) organic compounds, such as protein, glucose,
amino acids, and (3) gases, such as oxygen and carbon diox-
ide, together with water, which constitute the complex mi-
croenvironment of human body. All these factors exert re-
markable effect on corrosion of Mg alloys.

2.1. Influence of inorganic ions

There are many kinds of inorganic salts in body fluids,
which not only maintain the stability of pH value and os-
motic pressure, but also participate in a series of life activ-
ities. As an important anion in human body, CI~ ions have
been proven to have the acceleration effect on Mg corrosion
[67-69]. C1~ has strong electronegativity and takes the advan-
tage when competing with OH™ and other ions for cations, so
it affects the stability of Mg(OH), products. It has a critical
influence on the localized corrosion of Mg alloys [20,26,70].
H,P0O,~/HPO,%*~ and CO,/HCO;~ play a pH-buffered role in
the human body. Phosphates, resulted from H,PO,~/HPO,*~,
inhibit Mg degradation markedly. Carbonate leads to the dis-
solution of Mg, but also promotes the rapid passivation of
Mg surface via the formation of carbonate precipitation. All
the mentioned reactions are shown in Fig. 2.

Just as above-mentioned, HCO;~, H,PO,~ and HPO,*~
ions can react with Mgt ions, leading to an insoluble pro-
tective layer on Mg surface so as to alleviate Mg corrosion
[64]. Ca®* ion reacts with phosphate/carbonate, giving rise to
precipitates, which also delays the corrosion of the matrix.
Other cations, such as Na™ and K*, almost remain steady in
body fluid and their effects on Mg corrosion of Mg alloys
have scarcely been noticed.
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Fig. 2. Formation mechanism of bicarbonates during the corrosion of magnesium alloy AZ31 [25]. (Reproduced with permission of Ref [25]. Copyright of ©

2014 Elsevier).
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Fig. 3. Corrosion mechanisms of Mg in different media [71]. (Reproduced with permission of Ref [71]. Copyright of © 2020 Elsevier).

Fig. 3 shows several corrosion mechanisms are responsi-
ble for the corresponding corrosion when immersion in differ-
ent corrosion media, including NaCl, Ringer’s solution, PBS,
SBF-like complex inorganic media, cell culture media and
SBF-like/cell culture media with protein addition.

2.2. Influence of gas

When the living body is exchanging gas, hemoglobin com-
bines with O, and then CO, releases, so a part of O, and
CO; are dissolved in the body fluid. Normally, hydrogen evo-
lution reaction Eq. (1)) was normally believed as the cathode
reaction in corrosion of Mg. In recent years, the role of oxy-
gen reduction or oxygen consumption reaction has received
increasing attention in the cathode reactions of Mg corrosion
(Eq. (2)) [72-76]. Carbon dioxide is combined with Mg?* in
the form of HCO3;~ or CO3>~(Eq. (3) and ((4) [25].

2H,0 + 2¢~ — H,(g)+20H™ (aq) (1)

2H,04-0,+4e~ — 40H™ (aq) 2
HZO(aq)—i—COz <~ H2C03 (3)
H,CO34+0OH™ (aq) <« HCO3™ (aq)+H»O(aq) “)

2.3. Influence of organic compounds

The proteins, glucose, amino acids, vitamins and other or-
ganic substances in body fluids play a major role in participat-
ing in life activities and providing energy for life activities.
It is, thus, necessary for focusing the influence of organic
molecules or compounds on Mg degradation [30,38,77]. It
is of such a great importance to investigate their effects on
Mg corrosion that scientists can take insight into understand-
ing the service performance of Mg implants. In the following
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sections, the effects of bioorganic molecules on Mg corrosion
are introduced.

3. Influence of bioorganic molecules on corrosion
3.1. Influence of protein

Protein is the main undertaker of life activities, with struc-
tural diversity and functional diversity. After implantation, the
surface of the implant firstly contacts with the blood and tis-
sue in human body so that the protein is adsorbed on the Mg
surface to form an adsorption layer, which not only affects
the coagulation, cell and bacterial adhesion of metal surface,
but also significantly influences the corrosion of metal mate-
rials [29-31]. The structure of proteins [78], the surface state
of substrates and the condition of media [79-81] play a sig-
nificant role in the protein adsorption. Some relevant results
showed that the protein can accelerate or inhibit Mg corro-
sion in the various electrolytes [32-34,82,83]. In our previous
work, adsorption, chelating and pH buffering of protein were
recognized as three main aspects that affect Mg corrosion
in protein-containing electrolytes [84]. Different test environ-
ment ultimately affects the adsorption mechanism of proteins
on Mg corrosion.

The effects of bovine serum on the degradation behavior
of pure Mg has been explored by Hou et al. [77]. The results
showed that the organic molecules remarkably influenced the
degradation rate of pure Mg by altering the formation of cor-
rosion product layer. The influence of albumin on the degra-
dation behavior of Mg-Ca alloy was observed in situ by Liu
[11]. The results designated that the adsorption of albumin
molecules on sample surface results in the decrease in corro-
sion rate and the inhibition of CI~ induced filiform corrosion.
Albumin at higher concentration showed more obvious inhi-
bition efficiency on Mg filiform corrosion.

The chemical composition of alloys also affects the pro-
teins adsorption. Wang et al. [85] employed molecular dynam-
ics (MD) simulation and experimental methods to investigate
the effects of eight alloying elements, such as Ca, Li, Ce, Y,
Zr, Mn, Zn and Cu, on the adsorption behavior of fibrino-
gen C-terminal fragment on Mg surface. The results showed
that Ca and Ce promote the adsorption of fibrinogen signifi-
cantly, whereas, Mg and Cu exhibit an opposite effect. It was
also found that the second phases or intermetallic compounds
also influence on the adsorption of fibrinogen. Fibrinogen is
preferentially adsorbed on the intermetallic compounds that
contain Y-, Ce-, or Nd-, instead of Zn- [86].

Hou et al. [87] compared the degradation behavior of Mg
in simulated body fluid in the presence of bovine serum albu-
min (BSA) and fetal bovine serum (FBS) under different flow
conditions. It was found that both BSA and FBS possessed
minor inhibition effect on Mg corrosion in Hanks’ solution
under static conditions due to the formation of protein ad-
sorption layer and Ca-P-rich products. Under dynamic flow
conditions, BSA and FBS showed an opposite effect (Fig. 4).
It could be attributed to that the flow rate weakened the ad-
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Fig. 4. Degradation rate of pure Mg in different solutions under different
flow conditions. (Significance level: (xx): p < 0.01) [87]. (Reproduced with
permission of Ref [87]. Copyright of © 2021 Elsevier).

sorption effect and the adhesion between Ca-P products and
Mg substrate.

Computer simulation methods are beneficial for deeper un-
derstanding about how protein participates in the corrosion
reaction of Mg alloys. Zhang et al. [88] employed molec-
ular dynamic (MD) simulation and experimental analysis to
explore the adsorption behavior of BSA on the micro-arc ox-
idation (MAO) coated Mg surface. The results showed that
the negatively charged O atoms of BSA interact with and the
dissolved Mg?* and ionically adsorbed on Mg surface. The
MD simulation results indicated that MAO processed ability
to capture BSA via the MgO on the MAO coating.

3.2. Influence of enzymes

Enzymes are proteins with high specificity and high cat-
alytic efficiency. Zhang et al. [89] found pepsin slowed down
the corrosion rate of Mg wires in simulated gastric fluid
(SGF), while pancreatin accelerated Mg corrosion in simu-
lated intestinal fluid (SIF). Both of them affect Mg corrosion
by altering the corrosion products layer on sample surface.
The adsorption of pepsin inhibits the pitting corrosion of Mg
wires in SGF. However, pancreatin destroys the integrity of
the products film (MgHPO,), resulting in relatively uneven
degradation of Mg wires, as shown in Fig. 5.

3.3. Influence of glucose

Saccharides are important organic compounds widely dis-
tributed in nature. They are the main source of energy needed
by all living bodies to maintain life activities. In particular,
a higher glucose level in human body means diabetes. When
Mg implant was used in the blood vessel of diabetic, glucose
level is an important factor that affect Mg corrosion. Zeng
et al. [38] firstly paid attention on the influence of glucose
and its coupling with amino acids or protein on Mg degra-
dation. It was found that the increase of glucose content in
normal saline leads to the rapid corrosion of pure Mg due
to rapid conversion of glucose to gluconic acid, which at-



674 L. Cai, D. Mei and Z.-Q. Zhang et al./Journal of Magnesium and Alloys 10 (2022) 670-688

pH=2.5 SGF
without pepsin

pH=2.5 SGF

96h |*

24h

96h

pH=6.8 SIF

without pancreatin pH=6.8 SIF
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Fig. 6. Role of glucose molecules in pure Mg corrosion in saline (0.9%
NaCl).

tacks corrosion products and leads to the lower pH of the
solution. At the same time, chloride ions are more preferen-
tially adsorbed on Mg surface, also resulting in the increase
of corrosion rate (Fig. 6). In Hanks’ solution, the increase of
glucose content promotes the formation of calcium phosphate
(Ca-P) compounds on Mg surface, then resulting in the higher
corrosion resistance. This finding provides a new strategy for
the preparation of Ca-P coating using glucose. This novel Ca-
P coating has been successfully fabricated by Zeng’s group
and will be introduced in later section.

The corrosion mechanism of pure Mg in glucose-
containing electrolytes is proposed as follows: firstly, the alde-
hyde (-CHO) group of glucose is activated and is oxidized to
gluconic acid. The comparison between glucose and mannitol
shows that the aldehyde group of glucose becomes the car-
boxyl (-COOH) group Fig. 7), and the formed -COOH is the

main factor for the aggravation of corrosion. Reaction equa-
tions are shown in Eqs. (5) and (6). In addition, the strong
adsorption and adhesion ability of glucose result in CI~ en-
richment. Therefore, the synergistic attack of the retained C1~
and gluconic acid leads to the expansion of the cracks on
Mg(OH), products and provides an way reach the matrix,
thus improving the dissolution activity (Fig. 8).

CH,OH(OHOH),CHO 2Z7S R'COOH 5)

2R’COOH + Mg(OH), — (R’CO0),Mg + 2H,0 (6)

Li et al. [40] explored the coupling effect of glucose and
Tris on the corrosion behavior of AZ31 Mg alloy. 6.118 g/L.
Tris was added into 0.9% NaCl solution to investigate the
effect of glucose with different content (0-3 g/L) on Mg cor-
rosion. It showed that the increase of glucose contents ac-
celerates Mg corrosion in Tris-buffered 0.9% NaCl solution
(Fig. 9). For the influence of glucose on the corrosion fatigue
(CF) of Mg alloys, Liu et al. [41] found that the higher con-
tent of glucose increased the corrosion resistance and CF of
Mg alloy in Hank’s solution.

Besides for Mg alloys, glucose also shows a great impact
on the corrosion behavior of other biodegradable metallic ma-
terials. Liu et al. [90] investigated the corrosion performance
of zinc alloys in glucose-containing environment. It is shown
that glucose significantly affected the biodegradation of zinc
by accelerating the formation of biodegradation products.

There are a number of studies focused on the roles of glu-
cose, but less studies take care the effects of other monosac-
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charides on the in vitro degradation of Mg alloys. Pokharel
et al. [42] found that D-fructose promoted the deposition of
phosphate, formed the thick and dense corrosion products,
and inhibited Mg corrosion in simulate body fluid. Mei et al.
[46] determined the effects of four monosaccharides (glucose,
galactose, glucosamine, and fructose) on the corrosion rate of
Mg-0.8Ca and pure Mg. It is found that glucosamine led to
the rapid corrosion of Mg-0.8Ca in SBF and NaCl. Its accel-
eration efficiency in SBF is inferior to that in NaCl solution.
The effect of abovementioned four saccharides on pure Mg
in NaCl solution is relatively low, which is consistent with
the negligible individual effect of four saccharides. However,
the mixed saccharides led to an accelerated corrosion for pure
Mg due to the complex reaction between the glucosamine and
Ca’* in SBF.

Table 1 summarizes the effects of different content of glu-
cose on the degradation of different alloys in different test
environments. It could be found that the degradation of Mg
alloy in 0.9 wt.% NaCl is accelerated with the increase of

glucose content. In Hanks’-like solutions, the increase of glu-
cose content inhibits Mg degradation. Therefore, it could be
concluded that the effect of glucose on the Mg degradation
depends on the type of saccharides, the type of test media
and the added content.

3.4. Influence of amino acids

Among the 20 basic amino acids of human body, nine
amino acids are essential for human body. According to the
polarity of side chain groups, they can be categorized into
non-polar amino acids and polar amino acids (polar neutral,
acidic and basic amino acids) as shown as Fig. 10. Accord-
ing to the chemical structure, they can also be divided into
aliphatic, aromatic, and heterocyclic amino acids.

More than 40 years ago, amino acid compounds were
firstly used as corrosion inhibitors for metallic materials.
Amino acid is a kind of safe corrosion inhibitor, which is
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Table 1
Effect of glucose on corrosion of Mg alloy.
Alloy type Monosaccharide Concentration Corrosive Other additives Corrosion rate Refs.
type medium
Pure Mg Glucose 0%, 2.5%, 0.9%NaCl Null 0%<2.5%<5.0% [38]
5.0%
Pure Mg Glucose 1 gL, 2 gL, Hanks’ Null 3 g/lL<2 g/L<1 g/L
3 g/L
Mg-1.35Ca Glucose 0 g/L, 25 g/L, 0.9%NaCl Null 0%<2.5%<5.0% [39]
50 g/l
AZ31 Glucose 0 g/L,1 g/L, 0.9%NaCl 6.1181 g/L [40]
2 g/L3 g/L (50.5 mM) Tris 1 g/L<0g/L<2 g/L<3 g/L
Tris 40 g/L<Tris
+1 g/L<Tris
+2 g/L<Tris +3 g/L
Glu<Glu+ Tris
Mg-Zn-Zr-Y Glucose 1 g/L3 g/L Hank s’ Null 3 g/L<l1 g/L [41]
AZ31 D-fructose 1 g/L SBF Null Decelerated [42]
Pure Mg Glucose 5.83 x 107°M 0.9%NaCl Null Accelerated [46]
Mg-0.8Ca Glucose 5.83 x 107°M 0.9%NaCl Null Accelerated [46]
Pure Mg Galactose 1.11 x 107°M 0.9%NaCl Null Decelerated [46]
Mg-0.8Ca Galactose 1.11 x 1073M 0.9%NaCl Null Accelerated [46]
Pure Mg Glucosamine 497 x 1073M 0.9%NaCl Null Accelerated [46]
Mg-0.8Ca Glucosamine 497 x 107°M 0.9%NaCl Null Accelerated [46]
Pure Mg Fructose 444 x 107*M 0.9%NaCl Null Decelerated [46]
Mg-0.8Ca Fructose 444 x 107*M 0.9%NaCl Null Accelerated [46]
Pure Mg Glucose, 583 x 1073 M 0.9%NaCl Null Decelerated [46]
Mg-0.8Ca galactose, 1.11 x 1073 M 0.9%NaCl Null Accelerated [46]
Pure Mg glucosamine 497 x 1073 M SBF Null Accelerated [46]
Mg-0.8Ca and fructose 444 x 107*M SBF Null Decelerated [46]
Table 2
Individual and group effects of vitamins on the corrosion performance of Mg-0.8Ca and CP Mg [46].
Vitamins Concentration/M Medium Mg-0.8Ca CP Mg
Ascorbic acid (VC) 1.14 x 10~* 0.9%NaCl Accelerated Decelerated
Folic acid (VB9) 227 x 107° 0.9%NaCl Accelerated Decelerated
Inositol (VB8) 3.89 x 107 0.9%NaCl Accelerated Accelerated
Riboflavin (VB2) 2.66 x 1077 0.9%NaCl Accelerated Decelerated
Pyridoxine-HCI (VB6) 482 x 107° 0.9%NaCl Accelerated Decelerated
Thiamine- HCI (VB1) 2.96 x 107° 0.9%NaCl Decelerated Decelerated
Nicotinamide (VB3) 8.19 x 107 0.9%NaCl Accelerated Accelerated
Choline chloride (VB4) 7.16 x 107° 0.9%NacCl Decelerated Accelerated
Calcium pantothenate (VBS5) 2.10 x 107 0.9%NaCl Accelerated Accelerated
All above listed vitamins tested 0.9%NacCl Accelerated Decelerated
together SBF Decelerated Decelerated

environmentally friendly, nontoxic, biodegradable, and rela-
tively cheap [91,92].

L-methionine has been used as a corrosion inhibitor for
low carbon steel in sulfuric acid [93]. Eddy [94] investigated
three kinds of amino acids as corrosion inhibitors for mild
steel. The results indicated that the inhibition efficiency of
amino acids is related to the type of heteroatom in their chem-
ical structure, and the order of inhibition ability of oxygen,
nitrogen and sulfur is S > O > N. In addition, it was found
that inhibitory effect of straight chain amino acids was weaker
than that of branched chain amino acids. For the amino acids
with different aromatic rings, a good corrosion inhibition per-
formance owing to the presence of electron donor groups on
the ring.

Amino acids have also been tried to use as corrosion in-
hibitors for Mg alloys. Wang et al [43,44]. studied the effects

of alanine, glutamic acid, lysine and L-cysteine on the cor-
rosion mechanism of pure Mg. The results showed that ala-
nine, glutamic acid and lysine inhibited Mg corrosion. The
order of inhibition effect was alanine, glutamic acid and ly-
sine. Amino acid molecules could react with Mg ion and
phosphate ion to form different Mg phosphate precipitates
on the surface of the matrix, which can inhibit the further
corrosion of matrix. The reaction was related to the length
of the carbon chain of amino acid. The shorter the carbon
chain, the easier the reaction. When pure Mg was immersed
in PBS solution, polarized -NH; could promote the formation
of phosphate. Finally, phosphate aggregates to form clusters
Fig. 11). L-cysteine also inhibit the degradation of pure Mg.
There is an amino group and a carboxyl group in the structure
of L-cysteine, which is negative in saline solution due to the
higher pH value of the solution than the isoelectric point of



L. Cai, D. Mei and Z.-Q. Zhang et al./Journal of Magnesium and Alloys 10 (2022) 670-688 677

CI" and glucose absorb on
pure Mg surface rapidly

) Glucose block CI
o ®e |0 54
~ > @ ReservedCl and
gluconic acid

Enlarged void

Bl Mg(OH),

@ Magnesium gluconate

@ Glucose @® Gluconic acid

Fig. 8. Schematic illustration of the degradation process of pure Mg in
glucose-containing NaCl solution [38]. (Reproduced with permission of Ref
[38]. Copyright of © 2015 Nature publishing group).

0.8

—v— T+3g/L glucose
—— T+2g/L glucose
—e— T+1g/L glucose
—s=— T+0g/L glucose

e
3
———

=
o
T

=
3
—TT

= £
w
——T T

Hydrogen evolution volume (mLIcmz)
° B
el [y T

10 12 14 16 18 20

o
-
T

o
N
IS
o
©

Immersion time (h)

Fig. 9. Hydrogen evolution curve of AZ31 alloy in Tris-buffered saline so-
lutions with different glucose contents [40]. (Reproduced with permission of
Ref [40]. Copyright of © 2018 SpringerLink).

No"p"]-?ra

*: essential amino acids for human body
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cysteine (5.02). Therefore, L-cysteine molecule may combine
with Mg?* and be adsorbed on the sample surface to retard
further corrosion Eqs. (7) and (8). Durga et al. [45] found that
glycine in Hank’s solution initially inhibited the corrosion of
Mg alloy AZ31, but promoted the corrosion of AZ31 during
the long period.

Mg(OH),+2RCHNH,COOH — (RCHNH,COO),Mg+H,0
@)

Mg?* + RCHNH,COO~ + H,PO,®7¥~ ®)
— Mg(RCHNH,COO),H,PO,4

3.5. Influence of vitamins

There are few reports about the effect of vitamins on Mg
corrosion. Mei et al. [46] investigated the influence of 9 kinds
of vitamins, including ascorbic acid and 8 kinds of different
B vitamins, on Mg corrosion. The related results are shown
in Table 2. The 9 tested vitamins have minor individual and
cumulative effect on Mg corrosion in NaCl and SBF solutions
due to the low tested concentration. Studies have shown that
0.05 M VB9 and VC solution have strong corrosion inhibi-
tion effect on several Mg alloys including commercial pure
Mg (CP Mg). The crystal of ascorbic acid is very stable in
air, but the solution of ascorbic acid is rapidly air-oxidized,
and gradually decomposes into dehydro-ascorbic acid. It fur-
ther decomposes into L-threonic acid and oxalic acid in the
solution over pH 4.0, as shown in Eq. (9) and (10) [95], and
react with Mg afterwards. However, the studies on the ef-
fect of vitamins on Mg degradation are insufficient, especially
their influencing mechanisms are worthy of further investiga-
tions.

HO OH (o} 0
N7
H. H == H, H
C—C N\g” =0 C—C Ng” 0
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HO HO HO OH )
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4. Coupling effect of bioorganic molecules

There are many organic small molecules in the human
body. The coupling of glucose and amino acid [44], glucose
and protein [96] leads to the formation of new substances
such as Schiff base (-C=N-) bonding between amino acid
and glucose, which have different effects on Mg degradation.
For instance, glucose facilitates the albumin adsorption on Mg
[96]. It is necessary to understand the degradation behavior
of Mg alloys under the coupling effect between bioorganic
molecules.

4.1. Coupling effect of E-MEM and FBS

Yamamoto et al. [26] examined the effects of media com-
position on Mg degradation by 14 days’ immersion test in
four pseudo-physiological solutions. The degradation rate of
pure Mg is greatly affected media compositions. The degra-
dation rate in NaCl is highest, followed by that in E-MEM
and Earle’s solutions, and the lowest corrosion rate showed
in E-MEM + FBS (Fig. 12). These results indicated that
the adsorption of protein and the formation of insoluble
salts prevented Mg corrosion, whereas, the organic com-
pounds (such as amino acids) promotes the dissolution of
Mg. The synthetic pH buffer, N-2-hydroxyethylpiperazine-

H H

— HC—C—C—COOH + HOOC—COOH

HO HO HO

(10)

N’ —2-ethane sulfonic acid (HEPES), accelerated Mg corro-
sion in NaCl, but CO,/NaHCO; buffer showed opposite ef-
fect. It could be concluded that it is critical to use a suitable
simulated body fluid to perform in vitro evaluation of Mg
degradation.

4.2. The coupling effect of glucose and amino acids

Wang et al. [44] investigated the degradation mechanism
of pure Mg under the combined action of L-cysteine and glu-
cose. The co-addition of L-cysteine and glucose accelerated
Mg corrosion. Previous studies [44] have shown that Schiff
base (-C=N-) may be the reactant of the condensation of -
NH, with -COH, as shown in Eq. (11). The reaction was as
follows:

R —NH;+R’—-—COH - R —N=CH - R’+H,0 ar)

where, R and R’ denote aliphatic and aromatic groups, respec-
tively. It is well-known that amino acids and glucose contain
R-NH; and R’-COH groups, respectively. Hereby, the proto-
nation of the Schiff base group can make the molecules in
acidic solution positively charged. Nitrogen atoms may de-
protonate in alkaline solution and then react with Mg?*. As
a result, the degradation of Mg was accelerated.

Fig. 13 shows the change of hydrogen evolution rate
of pure Mg in aqueous solutions containing amino acids
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(e) E-MEM, and (f) E-EMEM+FBS [26]. (Reproduced with permission of Ref [26]. Copyright of © 2009 Elsevier).
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[44]. Copyright of © 2017 MDPI).

and glucose and pH value of the media. At the first stage
(Figs. 13a and 14a) of immersion period, the solution pH is
lowest (Fig. 13b). In the acidic solution (pH<6.0), the accel-
erated dissolution of pure Mg occurs. At the stage II (soaking
for 8-32 h; Figs. 13a and 14b), the alkaline solution provides
the necessary conditions for the novel product formation of
Schiff base, which is produced by the reaction between L-
cysteine and glucose. The amount of Schiff base increases
over time, and the negatively charged molecules chelate with
Mg?*. Therefore, the Mg(OH), protective film hardly precip-
itates on the surface. The action of Schiff base and chloride
ion increased degradation rate. At the third stage (after soak-
ing for 32 h, Fig. 14c), the corrosion rate is gradually stabi-
lized owing to the depletion of amino acids. The formation

of Schiff bases in the hybrid solution of amino and glucose
indicates the promise for the preparation of coatings on Mg
alloys using amino acids and glucose.

4.3. The coupling effect of glucose and protein

Yan et al. [96] found that the low concentration of glucose
(2 g/L) restrained the degradation process of Mg alloy due to
the adsorption effect of glucose on Mg surface. At the later
stage of immersion, protein reacted with the degradation prod-
uct on Mg surface and then accelerated Mg corrosion. When
glucose and protein were present simultaneously, Mg degra-
dation was significantly suppressed and the degradation rate
significantly reduced. The effects of glucose (2 g/L, 20 g/L)
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Fig. 15. Schematic diagram of the degradation mechanisms of pure Mg in:
(a) NaCl solution and (b) NaCl and glucose solution [96]. (Reproduced with
permission of Ref [96]. Copyright of © 2020 Elsevier).

and protein (0.1 g/ and 10 g/L) on Mg corrosion were also
investigated. The results showed that low concentration glu-
cose or protein inhibited the corrosion of Mg, and high con-
centration of glucose or protein promoted its degradation. The
degradation mechanism of Mg under the influence of glucose
and protein is shown in Fig. 15.

4.4. Coupling effect of polypeptide and heparin or protein

Wang et al. [97] found that the mixture of silk fibroin, hep-
arin and (Gly-Arg-Glu-Asp-Val-Tyr) peptide could be fixed
on the surface of HF-pretreated Mg alloy through a “double-
sided tape” polydopamine layer for improving the corrosion
resistance, blood compatibility, and endothelialization. Wu
et al. [98] employed alkali-heat treatment and silane treat-
ment as the pre-treatment for Mg-Zn-Y-Nd alloy to improve
its corrosion resistance. The Arg-Glu-Asp-Val (REDV) pep-
tide with anti-CD34 were modified on sample surface for fur-
ther improving the surface endothelialization. Moreover, for
anticoagulation and anti-inflammatory requirements, heparin
was also fixed in the coating. The results showed that the
composite surface achieved multiple functions, including anti-
corrosion properties, promotion of endothelialization, and in-
hibition of platelet/macrophage adhesion.

5. Influence of glucose on microbiologically induced
corrosion

During the long-term immersion experiments in simulated
body fluids, in some case, it was found that the media pH
decreases. Li et al. [99] recently reported that glucose pro-
moted the microbial entry and the degradation of Mg-Li-Ca
implants. The results showed when Mg-1Li-1Ca alloy was
soaked in Hanks’ solution, the pH value of the solution de-
creased to about 5.0 (Fig. 16). Such a low pH value is related
to the bacterial activity in the medium. Besides, the research
indicates that a renewal solution containing gentamicin may
be beneficial to eradicate bacterial adhesion and growth. Dur-
ing the immersion period, the degradation behavior of the
Mg-1Li-1Ca alloy by microorganisms behaves abnormally.
For Mg-1Li-1Ca alloy, glucose promotes microbial activity,
which leads to the fast degradation of Mg-1Li-1Ca alloy and
the deterioration of mechanical properties.

Gnedenkov et al. [100] found that during the initial soak-
ing stage of MA8 Mg alloy, lactic acid formed by micro-
bial growth and bacterial metabolism under non sterile con-
ditions improved the electrochemical activity of the samples.
At present, microbial corrosion of bioorganic medical materi-
als is also receiving attraction. Therefore, when studying the
biomedical process of Mg alloy, whether the microbial cor-
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Fig. 16. Hydrogen evolution rate (HER) and pH value of the Mg-1Li-1Ca
during immersion in Hanks’ solution without an antibacterial strategy and
daily renewal of gentamicin [99]. (Reproduced with permission of Ref [99].
Copyright of © 2020 Elsevier).

rosion exists at the application location for Mg alloy should
also be considered.

6. Influence of bioorganic molecules on corrosion
protection

Surface modification is a main strategy to obtain an en-
hancement in corrosion resistance of Mg alloys for biomed-
ical applications [101]. Many surface treatment technologies
have been employed for Mg alloys, including micro arc ox-
idation [102], organic coating [103—107], and chemical con-
version treatment [108]. Meanwhile, organic small molecules
were introduced during surface treatment process. The rele-
vant results were summarized in the following sections.

6.1. Influence of glucose on the formation of Ca-P coating
strategy

Ca-P coating is applied on the surface of Mg alloys to im-
prove their corrosion resistance and biocompatibility, which
extends the service life of Mg implants and stimulates bone
regeneration [109—111]. Ca-P coating has high osteoconduc-
tion and low toxicity in physiological environments [112—
116]. Some researchers employed EDTA [117], glucose [118],
DNA [119,120] and amino acids [121,122] as inducers to ob-
tain Ca-P coatings with better properties.

Li et al. [118] successfully prepared a composite coating
containing a sandwich of crystalline Ca-P and Mg(OH), on
pure Mg by hydrothermal deposition in an alkaline solution
with glucose. The calcium phosphate coating, consists of an-
hydrous calcium hydrogen phosphate, calcium-deficient hy-
droxyapatite (HA, Ca;g(PO4)s(OH),;) and HA, enhanced the
corrosion resistance of pure Mg. The filming mechanism is
shown in the Fig. 17. Wen et al. [123] also used glucose to
induce Ca-P coating.
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Fig. 17. Glucose induces the membrane-forming mechanism of Ca-P coat-
ing [118]. (Reproduced with permission of Ref [118]. Copyright of © 2019
Elsevier).

6.2. Influence of amino acids on the formation of Ca-P
coating

Not only glucose, but also amino acids can induce calcium-
phosphorus coating. Fan et al. [121] reported that the L-
cysteine-induce Ca-P coating was fabricated on Mg alloy
AZ31 in a water bath at 60 °C. The results pointed out that
the existence of L-cysteine increased the coating thickness
due to the complexation of the carboxyl and mercapto groups
of L-cysteine with Ca’>*. Thus, the L-cysteine-induced Ca-P
coating has better anti-corrosion property.

Wang et al. [122] prepared three kinds of amino acid
induced Ca-P coatings (Ca-Pppe,Ca-Pyee and Ca-Pag,). The
thickness of Ca-P coating, Ca-Ppy. coating, Ca-Py coating
and Ca-Pug, coating were (3.470 + 0.47), (6.06 £ 0.77),
(7.63 = 70) and (8.231 £ 1.37) wm, respectively (Fig. 18).
The main phases of the coating are CaHPO,4 and HA. Elec-
trochemical tests show that the amino acid-induced calcium-
phosphorus coating improves its anti-corrosion properties.
Among them, Ca-P,q, coating has the highest corrosion resis-
tance (Fig. 18). This is mainly due to the inhibition of amino
acid molecules and the chemical adsorption on the AZ31 sur-
face. The adsorption of amino acids is mainly realized by the
coupling of lone pair electrons of N atom with the Mg alloy
surface. The carboxyl group combines with Mg?* through the
O atom in the carbonyl group. Furthermore, the heteroatoms
in amino acids can share their lone pair electrons with the
vacancy molecular orbital of Mg alloy.
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Fig. 18. Cross-sectional morphologies of Ca-P coating (a), Ca-Pppe coating (b), Ca-Pye; coating (c), and Ca-Pag, coating (d) on AZ31 Mg alloy surface;
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permission of Ref [122]. Copyright of © 2021 Science Press).

Table 3
Influence of adding several amino acids to the sol-gel coating on the corrosion resistance of AZ91.
Coating composition Amino acids Other additives Corrosion resistance Refs.
TEOS+MTES L-alanine(0.1 wt.%) Null Corrosion resistance: L-aspartic acid > L-methionine > [92]
L-glutamine(0.5 wt.%) L-glutamine > L-alanine
L-methionine(1.0 wt.%)
L-aspartic acid(0.5 wt.%)
TEOS+ Cysteine TiO, The improvement order of four amino acids on the coating [126]
TEVS Serine performance is cysteine > serine > alanine > arginine. In
Alanine addition, adding 0.5 wt.% cysteine+1.0 wt.% TiO, nanoparticles
Arginine into the coating containing amino acids can enhance the
corrosion resistance of the coating significantly.
TEOS+MTES L-glutamine Montmorillonite Adding 0.5 wt.% Na™ and methionine to montmorillonite [127]

L-methionine Nanoparticles, Na™

L-alanine

nanoparticles can lead to an improved corrosion resistance of the
coating, showing a synergistic effect.

6.3. Influence of amino acids on the corrosion inhibition

Sol-gel coatings display good chemical stability, oxidation
and corrosion resistance to metals [124,125]. Amino acids,
as a green corrosion inhibitor, have been added into sol gel
coating to fabricate the hybrid positive anti-corrosion coating
Table 3. summarized the related research works.

Mei et al. [46] explored the effects of 24 amino acids on
the degradation of pure Mg and Mg-0.8Ca (Table 4). It can
be seen that the tested amino acids have a positive effect on
the degradation resistance of pure Mg in most cases.

Part of the tested amino acid compounds have shown good
inhibitory ability. Their molecular structure, concentration,
used corrosive media, surface properties have an impact on
the inhibitory ability of these compounds. Recent research fo-

cuses on the synthesis of new derivatives of amino acids with
higher corrosion inhibition efficiency [91].

Ma et al. [128] have shown that Schiff bases inhibited
the corrosion of Mg-Zn-Y-Nd in normal saline. This exper-
iment creatively explained the influence of amino acid cou-
pling of glucose on Mg corrosion, which not only brings a
step closer to uncover the mystery of the degradation mech-
anism of biomedical Mg alloy in human body, but also pro-
vides a new idea for future researchers to explore the effect
of interaction between different substances on the corrosion
of Mg alloy.

Adding a small amount of Zn(NO3), to pure amino acids
can greatly improve their inhibition efficiency. Zhang et al.
[129] chose 0.05 wt.% NaCl as the corrosive solution. The
results showed that the combination of L-Phe-and Zn(NOj3),
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Table 4

Influence of individual and groups of amino acids on the degradation of Mg-0.8Ca and CP Mg [46].

Amino acid Concentration/M Medium Mg-0.8Ca CP Mg
Alanine 8.53 x 107 0.9%NaCl Accelerated Accelerated
Serine 1.90 x 1074 0.9%NaCl Accelerated Decelerated
Aspartic 9.01 x 1073 0.9%NaCl Decelerated Decelerated
Proline 495 x 10~ 0.9%NaCl Accelerated Accelerated
Glutamic 1.90 x 1074 0.9%NaCl Accelerated Accelerated
Cysteine 4.13 x 10~ 0.9%NaCl Accelerated Decelerated
Glycine 7.19 x 1074 0.9%NaCl Accelerated Decelerated
Asparagine 1.00 x 1074 0.9%NaCl Accelerated Decelerated
Leucine 3.96 x 1074 0.9%NaCl Accelerated Decelerated
Isoleucine 320 x 1074 0.9%NaCl Accelerated Decelerated
Methionine 1.01 x 1074 0.9%NaCl Accelerated Decelerated
Arginine 2.07 x 1074 0.9%NaCl Accelerated Accelerated
Histidine 245 x 1074 0.9%NaCl Accelerated Decelerated
Valine 3.59 x 1074 0.9%NaCl Accelerated Accelerated
Tryptophan 147 x 1074 0.9%NaCl Accelerated Accelerated
Threonine 2.69 x 1074 0.9%NaCl Accelerated Accelerated
Phenylalanine 242 x 1074 0.9%NaCl Accelerated Decelerated
Glutamine 7.25 x 1074 0.9%NaCl Accelerated Accelerated
Lysine 3.97 x 1074 0.9%NaCl Accelerated Accelerated
Tyrosine 1.38 x 1074 0.9%NaCl Accelerated Decelerated
All above listed vitamins tested 0.9%NaCl Accelerated Decelerated
together SBF Decelerated Decelerated
Ornithine 1.06 x 1074 0.9%NaCl Accelerated Accelerated
a-Aminobutyric acid 1.94 x 1073 0.9%NaCl Accelerated Decelerated
Taurine 1.68 x 1074 0.9%NaCl Accelerated Accelerated
Cystine 9.90 x 1073 0.9%NaCl Accelerated Decelerated

Fig. 19. SEM images of Mg alloy AZ31B after 72-h exposure to 0.05 wt.%
NaCl in the absence or presence of amino acids: (a) the blank, (b)
0.07 mM Zn(NO3);, and (¢) 0.30 mM L-Phe-as well as (d) 0.30 mM L-
Phe + 0.07 mM Zn(NO3), [129]. (Reproduced with permission of Ref [129].
Copyright of © 2021 Elsevier).

synergistically inhibited the corrosion of AZ31B in NaCl so-
Iution, which is significantly better than that of L-Phe-or
Zn(NOs3), alone, as shown in Fig. 19. The hybrid corrosion
inhibitor is a mixed corrosion inhibitor with highest inhibition
efficiency of 93.2%, and the anodic behavior is dominant.

6.4. Influence of vitamins C on the corrosion protection

Vitamins C, ascorbic acid, has strong activity and good
antioxidant property. Biodegradable “green” ascorbic acid
molecules can be used as conductive carbon source to pre-
pare conductive corrosion-resistant coatings on Mg alloys.
Thus, Takahiro et al. [130] used ascorbic acid to prepare an
Mg(OH),/C composite film on the surface of Mg alloy AZ31
using a hydrothermal method. With the increase of ascorbic
acid, the thickness of the film decreases, but the carbon con-
tent increases. The film with 0.3 g of ascorbic acid has the
strongest corrosion resistance.

Loperena et al. [131] produced a Ce-based conversion film
on AZ91D by immersion in a solution comprising Ce(NO3)3,
H,0; and ascorbic acid (HAsc). It was called RCe-coating,
RCe-H;0; film and RCe-HAsc coating. The results showed
that RCe-HAsc coating with uniform adhesion was prepared
on Mg alloy AZ91D. At —0.75 V, the most adhered films
were obtained through potentiostatic polarization. The corro-
sion resistance of RCe-HAsc coating is better than that with-
out HAsc in the simulated physiological solution (Fig. 20).
The improvement of anti-corrosion performance is related to
the inhibition of insoluble chelate formation on additives.

6.5. Influence of polypeptide on the functional coating

Implant-related infection is the notorious problem in or-
thopedic surgery. Antimicrobial peptides (AMPS) are an im-
portant part of human immunity. Compared with traditional
antibiotics, amps have little effect on the drug resistance of
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Fig. 20. (1) OCP and (2) Tafel in Ringer’s solutions for: (a) AZ91D, (b) RCe-coating, and (c) RCe-H>O, film and (d) RCe-HAsc coating as well [131].

(Reproduced with permission of Ref [131]. Copyright of © 2016 Elsevier).
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Fig. 21. (a) Antibacterial efficiency of AMP loaded Mg alloy samples against S. aureus, and the inset represents the inhibition zone of S. aureus; rBMMSCs
proliferation (b) and ALP analysis (c) in different extracts (*P < 0.05 vs. Control; **P < 0.01 vs. Control.) [132] (Reproduced with permission of Ref [132].

Copyright of © 2015 Springer Link).

pathogens. Tian et al. [132] tried to deposited hydroxyap-
atite (HA) coating on Mg alloy and the loading of AMPS
by biomimetic method. The results showed that the degrada-
tion rate for AMPS/HA coated Mg alloy is lower than that
of bare HA coating. The AMP loaded HA coating showed
to effective inhibition effect on the growth of Staphylococcus
aureus. The coated sample has good biocompatibility and can
promote alkaline phosphatase (ALP) activity on rat bone mar-
row mesenchymal stem cells (rBMSCs), as shown in Fig. 21.

Some researchers have explored the effect of Arg-Glu-Asp-
Val (REDV) [133], the compound of antimicrobial peptide
(AP) and silk fibroin (SF) [134], and the caerin peptide 1.9
(F3) and a modified sequence of caerin 1.1 (F1) with anti-
bacterial activity [135] on the corrosion behavior of Mg al-
loys. It showed that the adding peptides led to significant im-
provement in the corrosion resistance and antibacterial effect
of Mg alloys.

6.6. Influence of protein on the coating formation

Xiong et al. [136] prepared a bone extracellular matrix-
like Ca, Sr/P silk fibroin composite films with corrosion
resistance, biocompatibility and osteogenic potential on the
fluoride-treated Mg-1Ca surface by spin coating technology.
The composite film coated samples showed the improved cor-
rosion resistance than that of bare Mg-Ca alloy. In addition,
the cytocompatibility and ontogeny of the coating material

(a)
Mg-1Ca Alloy Mg-1Ca-F

&

The Ca/P-silk

The Ca, Sr/P-silk

The Ca, Sr/P-silk

The silk

The Ca/P-silk

Fig. 22. (a) Actin nucleus co-staining of cells cultured for 12 and 24 h, and
(b) on naked Mg-1Ca alloy, fluoride treated, pure silk membrane, Ca/P silk
and Ca, St/P silk [136]. (Reproduced with permission of Ref [136]. Copyright
of © 2018 ACS).

were significantly enhanced in the adhesion bonding, prolif-
eration, and cytoskeleton development together with differen-
tiation of MC3T3-E1 cells (Fig. 22).

Hou et al. [137] employed a series of analysis techniques
to obtain insights on the formation and properties of the pre-
formed Mefp-1 film on Mg-1.0 Ca. The results showed that
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Fig. 23. SEM morphologies of anodizing film surface of Mg alloy with different additions: (a) no additive, (b) L-Orn, (c) EDTA, (d) Arg, (e) Lys, (f) His,
(g) fumaric acid, (h) citric acid, and (i) PASP; and (j) thicknesses of anodizing coatings [140]. (Reproduced with permission of Ref [140]. Copyright of ©

2017 Elsevier).

the Mefp-1 film preformed at pH 4.6 showed a network struc-
ture, while it was tighter at pH 8.5. The in-situ scanning re-
sults showed that the Mefp-1 film formed under the two pH
conditions retard the localized corrosion of Mg-1.0 Ca alloy
markedly.

Rahman et al. [138] employed bombyx mori silk to pre-
pare a biomimetic silk coating on anodized Mg surface. Com-
pared with the bare anodized samples, the decay rate of the
silk coated anodized alloys in terms of hydrogen production
and weight loss significantly reduced, indicating that the op-
timized biomimetic silk coated Mg surface shows the best
corrosion performance. The cytotoxicity test results verified
that the cytotoxicity of silk coated alloys is inferior to that of
bare Mg and anodized Mg oxide samples.

Wang et al. [139] prepared a sodium montmorillonite
(MMT)/ BSA composite coating on AZ31 by hydrothermal
synthesis and immersion method. The results showed that
MMT-BSA coating has good anti-corrosion property and bio-
compatibility in comparison to that of the naked AZ31 alloy.
The MMT-BSA coated AZ31 implant hold its structural in-
tegrity, and experienced slight degradation within 120 days
after implantation. No obvious toxic damage to organs and
tissues was detected.

6.7. Influence of glucose and amino acids on the formation
of MAO

MAO is a modified ceramic coating with substrate metal
oxides and electrolyte components grown on the surface of
Al, Mg, Ti and other valve metals, which has excellent anti-
corrosion and anti-wear properties. Gou et al. [140] added
amino acid organic additives to the basic electrolyte of
NaOH + Na,SiOs3 to anodize AZ31 alloy. The study in-
volved the effects of amino acid organic additives (L-arginine,
ethylenediamine tetraacetic acid (EDTA), L-Ornithine acetate,
L-lysinehistidine, polyaspartic acid, fumaric acid, citric acid)
on the anodization process, thickness, surface morphology

(A) A Dextran-CATANi

_(B) (©)
kol 10.0
2 500
[ —a— Bare Mg alloy —=—Bare Mg alloy
o —e— Dextran-CA/TANi 9.5 —e—Dextran-CA/TANi
= 400
c 9.0
£ 300
£ L85
< 200
%
8 100
& 75
o 0
= 7.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Immersion time (days) Immersion time (days)

Fig. 24. (A) Digital photos of test samples after being immersed in SBF
for 30 days. The change of (B) Mg?* concentration and (C) media pH dur-
ing the immersion period [141]. (Reproduced with permission of Ref [141].
Copyright of © 2020 Elsevier).

(Fig. 23), and microstructure as well as corrosion performance
of the anodized films. The thickness of the anodic oxide film
obtained before and after adding organic additives is shown in
Fig. 23. It could be found that organic additives changed the
thickness of the oxide film. The results showed that EDTA
and L-ornithine acetate significantly increased the breakdown
voltage of anodizing, playing an obvious arc suppression role,
and greatly improving the thickness, compactness and degra-
dation resistance of the oxide film. Organic additives mainly
affect the anodizing process of Mg alloy and the properties
of oxide film through the comprehensive effects of corrosion
inhibition, arc suppression and surfactant.

6.8. Influence of other bioorganic molecules on the coating

In addition to abovementioned proteins, monosaccharides,
amino acids and vitamins, many other organic substances be-
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long to biological related organic molecules. They usually
exist in specific parts and have specific functions and also
show a positive impact on the protective coating of Mg alloy.

Li et al. [141] fabricated a hybrid coating using bio-
compatible dextran caffeic acid (dextran CA) and electroac-
tive tetra aniline (TaNi) for improving the cell compatibil-
ity and anti-corrosion property of Mg alloys. The results
showed that the degradation rate of dextran Ca/TaNi coated
Mg alloy was significantly reduced and the cell compatibil-
ity was improved (Fig. 24). Du et al. [142] found that Mg
mgoznonrs-sulfate/lysozyme (DS/Lys) coating synthesized by
magnesium oxide coating, zinc oxide nanorods (znonrs) and
dextran sodium (DS/Lys) facilitated the improvement in corro-
sion resistance, blood compatibility and antibacterial activity
of Mg alloys.

7. Summary and outlooks

This review summarized the related works about the in-
fluence of biomolecules on the corrosion and protection of
Mg alloys for biomedical applications. The extensive appli-
cations of Mg-based materials in biomedical field and the
control of degradation rate cannot be separated from the ex-
ploration of corrosion mechanisms, especially the influence
of organic matters on their corrosion behavior. Regarding the
future work, the research on the influence of biomolecules on
the corrosion behavior and corrosion protection of Mg alloys
should be emphasized in the following aspects:

(1) Bioorganic molecules (glucose, amino acids and pro-
tein) play a crucial role in the degradation, biomineral-
ization and surface modification of degradable metals.
Their influence cannot be ignored during the extremely
complex micro-environment in human body. Further in-
vestigation remains necessary from multifactor coupling
perspective, including materials, chemistry and mechan-
ical as well as biomedical interdisciplinary study.

(2) The research on the biocorrosion behavior of Mg
alloys aims to achieve their practical applications. It
is necessary to set specific experimental conditions in
combination with the specific service environment to in-
vestigate the corrosion mechanism of Mg alloys coupled
with organic molecules and other components under
specific conditions (flow rate of corrosion medium,
scouring force and renewal frequency, etc.). A testing
standard for in vitro degradation of degradable metals
is expected to be proposed by the global scientists.

(3) Current corrosion characterization is limited for the in-
sight into understanding the degradation mechanisms of
biomedical metals. Novel approaches to explore the cor-
rosion mechanisms of Mg are expected to be developed.
The data not only comes from the experimental methods
under simulated human environment, but also originates
from the computational simulation methods.

(4) Small bioorganic molecules increase the thickness, com-
pactness and adhesion bonding of the coatings, such as
Ca-P coating and MAO coating, with an improved cor-

rosion resistance of Mg alloys. However, there still ex-
ists a gap between the actual and required degradation
life of Mg alloys. Further research is needed to enhance
the corrosion resistance of Mg alloys with the assistance
of those functional coatings.
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