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Abstract: As biodegradable orthopedic implant materials,
magnesium alloys have been attracted enough attentions
recently. However, too fast degradation in vivo, limited
biocompatibilities, and insufficient antibacterial proper-
ties are three main challenges at present. In order to solve
these problems, a multifunctional composite coating of
Chi(Zn/BMP2)/HA was constructed on AZ31B magnesium
alloy surface, successively by the alkali heating treatment,
self-assembly of 16-phosphonyl-hexadecanoic acid, in situ
immobilization of Chi(Zn/BMP2) (chitosan, zinc ions, and
bone morphogenetic protein 2), and the deposition of HA
(hydroxyapatite). The results of ATR-FTIR (attenuated total
reflection Fourier transform infrared spectrum) spectra and
elemental compositions confirmed that 16-phosphonyl-hexa-
decanoic acid, Chi(Zn/BMP2), and HA were successfully
immobilized on the surface. Compared with Mg, Mg-OH,
Mg-16, and Mg-Chi(Zn/BMP2), Mg-Chi(Zn/BMP2)/HA with
the concave—convex structure surface significantly enhanced
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the hydrophilicity and corrosion resistance. On the other
hand, Mg-Chi(Zn/BMP2)/HA coating also showed excel-
lent biocompatibilities, which not only significantly pro-
moted the osteoblast adhesion and proliferation, but also
upregulated ALP and OCN expression of osteoblasts.
Furthermore, due to the synergistic antibacterial effect
of zinc ions and chitosan, Mg-Chi(Zn/BMP2)/HA showed
a good antibacterial property against Escherichia coli
(E. coli). Therefore, it can be said that the method used
in this work has a good application prospect in improving
the corrosion resistance, biocompatibility of magnesium
alloys, and inhibiting infections against E. coli.

Keywords: magnesium alloy, multifunctional composite
coatings, corrosion resistance, biocompatibilities, anti-
bacterial properties

1 Introduction

There are increasing demands on clinical implants for
orthopedic diseases [1]. Compared with ceramics and
polymers, biomedical metals are more suitable for hard-
tissue implants, especially in load-bearing application,
owing to their excellent strength and toughness [2,3].
Stainless steels, cobalt—chromium-based alloys, and tita-
nium alloys are commonly used to repair serious bone
fracture or replace the bone tissue. However, specific
drawbacks limit their widespread use. First, their mis-
matched elastic modus with natural bone tissue contri-
butes to occurrence of the stress-shielding effect and
restrains the growth of new bone [4]. Second, harmful
metallic ions or particles released through corrosion or
wear can lead to inflammation, cell apoptosis, and other
destructive tissue reactions [5,6]. Third, the three metallic
materials, called as permanent rigid metals, must be
removed from the human body by a second surgical
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procedure after tissues have healed [7]. The repeated sur-
gery increases morbidity and health costs of patients. There-
fore, the promising bone substitutes should possess good
biocompatibility, biodegradability, and matching mechan-
ical properties with natural bones.

Recently, magnesium alloys have become more attrac-
tive in the field of bone repair and regeneration [1-3,7-10].
Magnesium and its alloys possess unique mechanical
properties. The specific density of magnesium and its
alloys (1.7 g/cm?) is very similar to that of human cal-
varium bone (1.75g/cm?), the elastic modulus of pure
magnesium (45 GPa) closely matches that of human bone
(40-57 GPa) [2], and the compressive and tensile strengths
are higher relative to natural bones [1]. These unique
mechanical properties of magnesium alloys can over-
come the shortcomings of traditional orthopedic metals
by restricting stress-shielding effect during load transfer
at the interface of implant to bone. Moreover, magnesium
is the fourth most abundant element in the human body
and is largely stored in bone tissues [2]. Simultaneously,
magnesium participates in the metabolic process and
plays an important role in the regulation of ion channels,
DNA stabilization, enzyme activation, and stimulation of
cell growth and proliferation [8]. Mg ions in human body
can induce osteoblast differentiation and accelerate healing
in bone diseases [9,10]. Many evidences also demonstrate
that magnesium and its alloys as promising orthopedic
implants are very biocompatible [2,3]. Additionally, magne-
sium is a biodegradable and absorbable metal with a lower
standard electrode potential than hydrogen [1]; therefore,
they can be readily dissolved or corroded in aqueous solu-
tions especially that containing chloride ions. If magne-
sium-based materials were implanted into a body, they
can be completely degraded under physiological environ-
ment. The degradation products can be absorbed by the
human body or excreted via metabolism [11,12] and thus
avoid the second surgical procedure. Compared with perma-
nent implants, biodegradable magnesium alloys are thus
preferred to be desirable implants with a temporary function.

However, the clinical applications of the biodegrad-
able magnesium alloys face some challenges. One of
major drawbacks is its low corrosion resistance especially
in electrolytic and aqueous environments. As reported,
magnesium alloys can be easily corroded under physio-
logical environment, but the corrosion rate is so quick
that they lose the mechanical integrity before the tissue
has sufficiently healed [1]. The seriously corroded mag-
nesium alloys could not provide enough structural sup-
port for the injured tissue during service, finally leading
to the implant failure. Meanwhile, the corrosion products
of Mg(OH), and hydrogen gas also have side effects to

Anticorrosion and biocompatibility of Chi(Zn/BMP2)/HA composite

— 871

some degree in vivo. For example, hydrogen gas evolves
too fast to be immediately dealt with by the host tissue
[13], resulting in excessively accumulating and subcuta-
neously dispersing of visible gas bubbles. High concen-
tration of hydrogen gas might cause health risks in
patients according to reported studies performed in rats
[14]. The rapid formation of Mg(OH), increases the pH in
the vicinity of the implant and causes the local high alka-
lization [15], further affecting the process of physiological
activity. Massive Mg(OH), can also bring severe toxicities
to prevent the tissue healing. Besides, the insufficient
surface bioactivities of magnesium alloys need to be
further improved [16], so that magnesium implants are
expected to be more compatible with surrounding tissues
[17-22]. In terms of orthopedic implants, desirable mag-
nesium alloys are also expected to promote bone healing
and osteoblast differentiation. In addition, the antibac-
terial capability of magnesium-based biomaterials should
also be considered. Magnesium alloys are usually consi-
dered to have excellent antibacterial properties in vitro
[23,24]. However, the recent studies [25,26] found that mag-
nesium alloys have antimicrobial properties in vitro but not
in vivo. To improve the antibacterial capability of magne-
sium alloys is also imperative. Therefore, controllable cor-
rosion rates, excellent osteogenic activity, and improved
antibacterial properties are the prerequisites for magnesium
alloys being safely used as orthopedics implants.

The properties mentioned above are closely related to
magnesium alloy surfaces. In recently years, many studies
[17-22] have focused on improving the surface properties.
Gao et al. [17] deposited bioactive multilayer coating of
chitosan-functionalized graphene oxide and heparin on
AZ31B alloy through layer by layer to improve the corrosion
resistance and biocompatibility. Gao et al. [18] immersed
AZ60 Mg alloy into the chemical solution to obtain a CaP
coating, which not only significantly improved the cell
adhesion, proliferation, and differentiation of osteoblasts,
but also provided a better biodegradation behavior. Wei
et al. [19] introduced NH*" onto the AZ31 Mg alloy surface
by ions implantation to enhance the corrosion resistance
and biocompatibility. In the study of Wu et al. [20], a hybrid
coating, consisting of seal porous layered double hydroxide
coating and poly-L-glutamic acid coating synthesized by
hydrothermal treatment and vacuum freeze-drying method,
was immobilized on AZ31 magnesium alloy. The hybrid
coating effectively provided the corrosion protection and
acceptable cytocompatibility for mouse embryonic fibro-
blasts. Xue et al. [21] designed a cross-linked ciprofloxacin
and polymethyltrimethoxysilane with an inner micro-arc
oxidation coating on AZ31 alloy, to enhance corrosion resis-
tance and antibacterial ability. Wang et al. [22] developed a
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composite coating on AZ31 alloy surface with a combination
of micro-arc oxidation and self-assembly of polyethylene-
imine and Ag nanopatrticles, which effectively improved the
corrosion resistance and antibacterial properties.

Although coating technology (deposition, ions implan-
tation, hydrothermal treatment, vacuum freeze-drying
method, and so on) had been used to solve some problems
in above researches [17-22], the corrosion resistance, bio-
compatibility, and antibacterial properties of magnesium
alloys seemed not to be improved at the same time by one
coating. As known, these properties were indispensable for
orthopedic implant materials. Therefore, to synergistically
enhance the corrosion resistance, biocompatibility, and
antibacterial properties, it is essential to construct a multi-
functional coating. Bone morphogenetic protein 2 (BMP2)
is a special bone growth factor and plays a significant role
in enhancing osteogenesis/osseointegration and ultimately
inducing the formation of bone [27]. Zinc ions also take
effect in the osteoblast growth, such as inhibiting the osteo-
clast activities and promoting the osteoblast differentia-
tion. Zinc ions can inhibit the formation of bacterial plaque
and have a stronger antibacterial effect [28]. Chitosan (Chi)
is a biodegradable polysaccharide with good biocompati-
bilities and antibacterial properties [29]. It can not only
promote cell adhesion and proliferation, but also has a
good ability to chelate metallic ions [30]. Moreover, chitosan,
containing lots of positive charges in electrolyte solution,
is also widely used in constructing bioactive polyelectro-
lyte multilayer. Additionally, hydroxyapatite (HA) can
induce the growth of surrounding tissues and form a
strong chemical bond directly with host bones [31]. It
has been widely applied in dentistry, antitumor drug car-
riers, and orthopedic repair.

In this work, a multifunctional bioactive coating of
Chi(Zn/BMP2)/HA on AZ31B magnesium alloy was con-
structed to synergistically improve the corrosion resis-
tance, biocompatibilities, and antibacterial properties.
Chitosan was first used to bind BMP2 and chelate zinc
ions to prepare a complex of Chi(Zn/BMP2). Then, the
alkali heating treatment was used to activate the magne-
sium alloy surface, and 16-phosphonyl-hexadecanoic acid
was immobilized by self-assembly to further enhance the
corrosion resistance and introduce bioactive molecules.
Subsequently, Chi(Zn/BMP2) was covalently grafted on
the surface of activated AZ31B magnesium alloy. Finally,
HA was deposited. The surface characteristics, corrosion
resistance, in vitro cytocompatibility, and antibacterial
properties of the complex coating on AZ31B magnesium
alloy were investigated in detail.
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2 Materials and methods

2.1 Constructing Chi(Zn/BMP2)/HA coating
on AZ31B magnesium alloy surfaces

First, the Chi(Zn/BMP2) complex solution was prepared by
thoroughly mixing 5 mg/mL chitosan (Adamas Reagent Co.,
Ltd, in pH = 5 acetic acid), 5 mM zinc acetate, and 50 ng/mL
BMP2 (Invitrogen Co., Ltd., Shanghai) with the volume ratio
of 10:1:1. The AZ31B magnesium alloy plates (Dongguan
You’an Metal Co., Ltd., China) with 10 mm diameter and
3 mm thickness were polished to mirror and then cleaned
by acetone, ethanol, and deionized water. The plates were
immersed in 3M NaOH solution for 24 h at 75°C, and the
obtained samples were marked as Mg-OH. Afterwards,
these samples were further dipped into 5mM 16-phos-
phonyl-hexadecanoic acid (Sigma-Aldrich, China) for 24 h
under shaking condition. The samples were taken out and
then treated for 12h at 120°C in order to enhance the
binding force of 16-phosphonyl-hexadecanoic acid. After
being cleaned and dried, the samples were marked as
Mg-16. The Mg-16 was incubated with 10 mM EDC/NHS
(1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride/N-hydroxysuccinimide) (Sigma-Aldrich, China)
solution to activate carboxyl groups of magnesium alloy
surfaces, followed by being immersed in the as-prepared
Chi(Zn/BMP2) complex solution for 1 h. The samples were
washed, dried, and then denoted as Mg-Chi(Zn/BMP2).
Finally, the Mg-Chi(Zn/BMP2) was incubated in 2 mg/mL
HA nanoparticle (average diameter 40 nm) solution to
form the HA layer on the surfaces, and the final samples
were labelled as Mg-Chi(Zn/BMP2)/HA.

2.2 Surface characterization

The surface chemical groups of magnesium alloy were
characterized by attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR, TENSOR 27, Bruker
of Germany) at room temperature with a scanning range of
4,000-650 cm™". The surface morphologies of the samples
were observed by scanning electron microscopy (SEM, FEI
Quata 250, USA). Energy dispersive spectroscopy (EDS, IMA
X-MAX 20, Britain) was used to determine the surface ele-
ment compositions. The water contact angle (DSA25, Kriiss
GmbH, Germany) was measured to characterize the surface
hydrophilicity of the different samples; three samples were
measured and the values were averaged.



DE GRUYTER

2.3 Release profiles of BMP2 and Zn**

Mg, Mg-Chi(Zn/BMP2), and Mg-Chi(Zn/BMP2)/HA were
sealed with silicone rubber and then respectively incu-
bated with 20 mL SBF solution for different times. At
each predetermined time, 100 pL solution was drawn for
measurements, and the medium was supplemented with
100 pL fresh SBF.

The released BMP2 was measured by enzyme-linked
immunosorbent assay (ELISA). Briefly, 100 pL standard solu-
tion and 100 pL sample solution were respectively added into
the test plates. After being cultivated 90 min at 37°C, 100 pL
of Biotinylated anti-mouse BMP2 antibody was added to
incubate 60 min, followed by adding 100 pL. Avidin-Biotin-
Peroxidase Complex solution. Finally, 90 pL chromogenic
agent was added and incubated for 20 min, and the ter-
minating solution was added to stop the reaction. The
absorbance at 450 nm was measured and the concentra-
tion of BMP2 was calculated according to the standard
curve.

The release concentration of Zn** in the medium was
detected by an Optima 7000 DV Inductively Coupled
Plasma Luminescence Spectroscopy (PerkinElmer), and
the ions concentrations were calculated according to
the standard curves. The release profile curves were
plotted according to the ion concentrations.

2.4 Electrochemical corrosion behaviors

The potentiodynamic scanning polarization curve and
alternative circuit impedance spectroscopy were performed
on an electrochemical workstation (CHI Instruments, Inc.,
Shanghai, China) to characterize the electrochemical corro-
sion behaviors of the control and modified magnesium
alloys. The standard three-electrode system was used, the
sample as the working electrode, the platinum wire as the
auxiliary electrode, and the Ag/AgCl as the reference elec-
trode. The test solution was Hank’s simulated body fluid
(SBF, composition: NaCl 8 g/L, KCl 0.4 g/L, NaHCO5 0.35 g/L,
CaCl, 0.14 g/L, Na,HPO,, 0.06 g/L, KH,PO, 0.06 g/L, MgSO,-
7H,0 0.01g/L, glucose 1g/L). The sample was sealed with
silicone rubber using copper wire as conductor, and the
exposed area was 1 cm’ For the polarization curve, the
sample was immersed in SBF before testing until the open
circuit potential was stable, and the scanning speed was
1mV/s. The corrosion current was fitted by Tafel extra-
polation method and the corrosion current density was
calculated. For EIS measurement, the scanning scope
was 10°-0.1 Hz with a disturbance signal of sinusoidal
AC potential with an amplitude of 10 mV.
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2.5 The degradable behaviors of the
modified magnesium alloys

The degradable behaviors of the control and modified
magnesium alloys were investigated by pH changes and
Mg?* release from the medium. In order to measure the
pH value changes, the samples were sealed with silicone
rubber and then respectively incubated with 20 mL SBF
solution for different times; the medium was refreshed every
2 days. The pH values were measured at 3, 6, 12h, 1, 2, 4, 7,
10, and 14 days, respectively. Three parallel samples were
used and the average values were calculated. For Mg>"
release, the sample was sealed by silicon rubber and then
incubated with SBF solution for 3h, 1, 3, 5, and 7 days,
respectively. At each time, 100 pL medium was taken out
and supplemented by 100 pL fresh SBF. The Mg** concentra-
tion was detected by an Optima 7000 DV Inductively Coupled
Plasma Luminescence Spectroscopy (PerkinElmer). The ions
concentrations were used to plot the release profile curves.

2.6 Growth behaviors of osteoblasts
2.6.1 Cell attachment and proliferation

To investigate the behaviors of osteoblasts on different
magnesium alloy surfaces, the samples were sealed by
silicone rubber and incubated with 0.5 mL osteoblasts sus-
pension (5 x 10* cells/mL, ECV304, Cobioer, Nanjing, China)
and 1.5 mL medium (DMEM F12 containing 5% FBS and 1%
penicillin-streptomycin) at 37°C with 5% CO,. After 1 or 3
days, the samples were washed twice by normal saline. The
attached cells were fixed in 2.5% glutaraldehyde for 3h at
4°C and then stained successively with 200 pL. rhodamine
(Aladdin Biochemical Technology Co., Ltd., 1:1,000 in PBS)
and 200 puL #’,6-diamidino-2-phenylindole (DAPI, Aladdin
Biochemical Technology Co., Ltd., 1:400 in PBS). The stained
samples were washed twice by normal saline again and
inspected under a Zeiss Inverted A2 fluorescence microscope.

The proliferation of osteoblasts was estimated by
CCK-8 (Cell Counting Kit-8). Briefly, the sample was incu-
bated with osteoblasts in the same way for 1 and 3 days,
respectively, and then the medium was removed and
replaced by fresh 10% CCK-8 solution. After incubation
at 37°C for 3.5 h, the absorbance of the medium was mea-
sured at 450 nm with a microplate reader (Bio-Tek, Eons).

2.6.2 ALP and OCN secretion of osteoblasts

The alkaline phosphatase (ALP) and osteocalcin (OCN)
activities of osteoblasts were determined by ELISA. 0.5 mL
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osteoblasts cells suspensions (5 x 10* cells/mL) and 1.5 mL
culture medium were seeded on different magnesium alloys
and cultured for 1-3 days at 37°C. The supernatant was
diluted 5 times and then incubated 30 min at 37°C. The
chromogenic agents and terminating solution were succes-
sively added. The optical density value was measured at
450 nm by the microplate reader. The ALP and OCN con-
centrations were determined according to the standard
curves.

2.7 Antibacterial activities
2.7.1 Bacteria adhesion

Escherichia coli (E. coli, ATCC25922) was cultured and
diluted with nutrient broth to obtain a test inoculum
with a concentration of 5 x 10° cells/mL. A 100 UL bacteria
solution was distributed evenly onto each surface to
incubate 2h at 37°C. After being washed thrice by PBS,
the attached bacteria were fixed by 2.5% glutaraldehyde
followed by dehydrating with 50, 70, 90, and 100%
ethanol solutions for 10 min each time. The adhesion of
bacteria was observed by scanning electron microscope
after spraying gold layer on the surfaces.

2.7.2 Antibacterial test

The evaluation on bactericidal activities was carried out
according to 1S022196-2007 and E. coli (ATCC 25922) was
chosen for the antimicrobial tests. E. coli was precultured
and diluted with nutrient broth to obtain a test inoculum
with a concentration of 5 x 10° cells/mL. The magnesium
alloys before and after being modified were sterilized by
UV and placed in the sterilized Petri dishes. A 0.2 mL test
inoculum was dropped onto the surfaces of magnesium
alloys and incubated for 24 h at 37°C. Finally, the sur-
viving bacteria on the surfaces of samples were collected
into a new Petri dish and diluted 10 times. A 100 pL
diluted solution was dropped on the agar, which was
then incubated at 37°C for 24 h. The bacterial colonies
were observed and photographed.

2.8 Statistical analysis
For each experiment, three parallel samples were mea-

sured; the data were averaged and expressed as mean +
standard derivation (SD). The results of water contact
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angle and cell assay were statistically analyzed by SPSS
software using one-way ANOVA, and p < 0.05 is consid-
ered to be statistically significant.

3 Results and discussion

3.1 Surface characteristics

Figure 1a shows the representative surface topographies
of the different samples. Table 1 presents the elemental
compositions on the surfaces. It can be seen that the
polished magnesium alloy possessed a smooth surface
(Figure 1a(a)). A large amount of Mg as well as a little
of Al, Zn, and O can be detected by EDS. Al and Zn are the
inherent components of AZ31B alloy, while the existence
of O implied the slight oxidation of magnesium alloy surface.
After 24 h alkali heat treatment, the surface morphology of
Mg-OH did not change significantly (Figure 1a(b)), but the
contents of O substantially increased up to 33.51 at%. For the
sample of Mg-16, some white aggregates started to occur.
A large amount of C element (22.5at%) was found first,
which should be derived from 16-phosphonyl-hexadecanoic
acid. After the immobilization of Chi(Zn/BMP2) complex, mas-
sive zinc-containing particles were observed (Figure 1a(d)),
which can be attributed to the chelation of chitosan to Zn**.
After the deposition of hydroxyapatite, a compact coating
with the concave-convex structure covered the surface
(Figure 1a(e)). This was also confirmed by the EDS ana-
lysis on Ca and P elements.

Figure 1b illustrates the ATR-FTIR spectra of surface
chemical groups. As expected, there was almost no infra-
red absorption for the pristine magnesium alloy. For Mg-
OH, the stretching vibration of —OH can be detected at
3,700 cm ™, indicating that many hydroxyl groups were
successfully introduced onto the surface after alkali heat
treatment. For Mg-16, the strong absorption peaks at
1,710, 2,850, and 2,920 cm}, corresponding to C=O0,
—CHs, and s-CH,— groups, respectively, suggested that
16-phosphonyl-hexadecanoic acid was successfully immo-
bilized on the surface. For Mg-Chi(Zn/BMP2), besides the
peaks of ~OH at 3,700 cm ™! and C=0 at 1,710 cm?, the
absorption peak of C=0 also appeared at 1,653 cm™. This
was attributed to the amide reaction between —NH, group
from chitosan and —COOH group from 16-phosphonyl-
hexadecanoic acid. After the deposition of hydroxyapatite,
the absorption peak at 3,700 cm™ further strengthened
because of increasing —~OH groups. Additionally, another
intense peak of P-O in phosphate radical can be also
detected at 1,040 cm™.
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Figure 1: The representative SEM images ((a), Mg (a), Mg-OH (b), Mg-16 (c), Mg-Chi(Zn/BMP2) (d), Mg-Chi(Zn/BMP2)/HA (e)), ATR-FTIR
spectra (b), and water contact angles (c) of the different samples.

Table 1: Elemental compositions of the different samples

Samples Atomic concentration (at%)

Mg (] Al C N Zn Ca P
Mg 92.67 3.77 2.73 - - 0.83 — —
Mg-OH 64.55 33.51 1.36 — — 0.58 — —
Mg-16 51.56 25.94 — 22.50 — — — —
Mg-Chi(Zn/BMP2) 35.28 33.69 — 18.69 5.04 7.30 — —

Mg-Chi(Zn/BMP2)/HA 1.46 38.24 — 7.74 1.35 0.65 31.38 19.18
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Figure 1c reveals the results of the water contact
angles of different samples. The pristine magnesium alloy
exhibited relatively poor hydrophilicity with a water con-
tact angle of around 66°, which is similar to the existing
results [19,32]. The alkali heat treatment can produce
many —OH groups on the surface, which can interact
with water molecules through a hydrogen bond to enhance
the hydrophilicity [33]; therefore, the water contact angle
decreased to 40°. After self-assembly, the phosphonyl
groups from 16-phosphonyl-hexadecanoic acid interacted
with —OH groups by the dehydration reaction, leading to
the consumption of —OH and the introduction of —PO;
and —COOH. Thus, the water contact angle of Mg-16 was
slightly elevated. For Mg-Chi(Zn/BMP2), in spite of many
hydrophilic groups of —OH in chitosan, the water contact
angle still increased significantly after the complex
coating formed on the surface. This can contribute to
high value of water contact angle of pure chitosan,
which is close to 70°[34]. After depositing hydroxyapa-
tite, the reintroduction of many hydrophilic ~OH groups
and the concave-convex structure of hydroxyapatite
enlarging the contact area between the material and
water lead to excellent hydrophilicity. Therefore, the
water contact angle of Mg-Chi(Zn/BMP2)/HA sharply
decreased to 3.3°.

3.2 Release profiles of Zn>* and BMP2

Figure 2 shows the release profiles of Zn*" and BMP2 over
7 days. The release behavior of Zn?* from the pristine
magnesium alloy was also investigated as comparison.

140
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> i
2= ) Mg-Chi(Zn/BMP2) i
E A— Mg-Chi(Zn/BMP2)/HA —
g 2
£ 100 - z—3 1
:\:l 80
- ] &
o
c 3
o 60
=
s
= 40
[
e
S 204
o
o T T T T T T T
1 2 3 4 5 6 7

Immersion time (d)

Figure 2: The release profiles of Zn>* (a) and BMP2 (b) over 7 days.
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Owing to the low content of Zn in AZ31B alloy (as listed
in Table 1), the released zinc ion concentration from Mg
alloy was only about 3ng/mL in 1 day, and slowly
increased over 7 days. The similar release behaviors of
Zn ions from as-received Mg alloys were also found in
other studies [35,36]. For Mg-Chi(Zn/BMP2) and Mg-Chi
(Zn/BMP2)/HA, the release amount of zinc ions was very
close to each other and much higher than the pristine Mg.
It is suggested that HA deposition had almost no side
effects on the release behavior of zinc ions. In 1 day, the
concentrations got up to 64 and 62ng/mL, respectively.
As the immersion time increased, the zinc ions were con-
tinuously released. By the seventh day, the content of zinc
ions from Mg-Chi(Zn/BMP2)/HA achieved 116 ng/mL. It is
expected that the sustained release of zinc ions can have a
long-term antibacterial effect [28].

According to Figure 2b, the release behavior of BMP2
totally differed from that of Zn?*". In 1 day, there was
almost no clear differences between Mg-Chi(Zn/BMP2)
and Mg-Chi(Zn/BMP2)/HA. The BMP2 release amount
was about 10 ng/mL. However, with the immersion time
increasing, the release rate of BMP2 was different between
Mg-Chi(Zn/BMP2)/HA and Mg-Chi(Zn/BMP2). The release
concentration of BMP2 was lower for Mg-Chi(Zn/BMP2)/
HA, which can be contributed to the hindrance of
HA compact coating. This implies that the Mg-Chi(Zn/
BMP2)/HA complex coating would have a greater advan-
tage towards osteoblast growth, proliferation, and adhe-
sion. The HA compact coating on the surface easily
obstructed the release of BMP2 to some extent, because
BMP2 has a larger molecular weight than Zn, resulting in
the slow release of BMP2 and the rapid release of Zn?*
from the coating.

20

=— Mg-Chi(Zn/BMP2)
o Mg-Chi(Zn/BMP2)/HA

Release concentration of BMP2 (ng/ml)
=

8 T T T T T T T T T T T T

1 2 3 4 5 6 7
Immersion time (d)
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3.3 Electrochemical corrosion and
degradation behaviors

Figure 3a shows the electrochemical polarization curves.
Table 2 lists the corresponding corrosion parameters. It is
clear that the pristine magnesium alloy had the lowest
corrosion potential (-1.648 V), the largest corrosion cur-
rent density (2.340 x 10~ A/cm?), and annual corrosion
depth (0.54 mm/year) among all samples, indicating a
poor corrosion resistance and a severe corrosion ten-
dency in physiological environment. After alkali heat
treatment, the formed Mg(OH), layer can isolate the sub-
strate from the corrosion medium and prevent the corro-
sive medium penetrating the magnesium matrix. Thus,
the corrosion potential was increased to some extent,
and the corrosion current density and annual corrosion
depth were decreased, as shown in Figure 3a and Table 2.
For Mg-16, the corrosion potential was further increased
to —1.490 V, and the corrosion current density and annual
corrosion depth were also decreased after the self-
assembly of 16-phosphonyl-hexadecanoic acid. The improved
corrosion resistance can be attributed to two reasons. The first
was a partial phosphating effect. The phosphonyl groups
from 16-phosphonyl-hexadecanoic acid can be immobilized
on the surface by the dehydration reaction with —OH of
Mg-OH, thus a partial phosphating effect was also produced
on the surface to enhance the corrosion resistance. The
second was the covering effect of the molecules. Moreover,
the carboxyl groups from 16-phosphonyl-hexadecanoic acid
molecules on the surface made Mg-16 negatively charged,
hindering the invasive corrosion of chloride and other anion
ions. After covalently immobilizing Chi(Zn/BMP2) with Mg-16,
the corrosion current density was increased to —1.418 V, and
the corrosion current density and corrosion depth were
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Table 2: Corrosion potential, corrosion current density, and annual
corrosion depth of the different samples

Samples Eor V)  leorr (Acm™2)  d (mm/year)
Mg -1.648 2340 x10° 0.54
Mg-OH -1.615 9.827 x10™®  0.22
Mg-16 -1.490 5.561x10°°  0.13
Mg-Chi(Zn/BMP2) -1.418  3.258 x10°  0.08
Mg-Chi(Zn/BMP2)/HA  -1.408  2.582x10™®  0.06

decreased to 3.528 x 10> A/cm® and 0.08 mm/year, respec-
tively. This was ascribed to the complex coating separating
the substrate from Hank’s simulated body fluid, avoiding the
direct pitting of magnesium alloy by chloride ions. At the
same time, the amino groups of chitosan are positively
charged, promoting the combination with anion ions and
hindering their invasive corrosion. In addition, the chitosan
cannot be readily degraded under alkaline conditions (caused
by magnesium alloy dissolution), and thus the stability of
coating was also improved in vivo environments [30]. After
being deposited onto Chi(Zn/BMP2), the hydroxyapatite cov-
ered the surfaces and formed a compact coating, which
remarkably improved the corrosion resistance and slowed
down the corrosion rate of magnesium alloy. As shown in
Figure 3a and Table 2, the corrosion potential was increased
to —1.408 V, and the corrosion current density was decreased
by an order as compared to the control Mg and annual corro-
sion depth was merely 0.06 mm/year.

Figure 3b shows the electrochemical impedance spectra
(EIS) of the control and modified magnesium alloys. Only
one high frequency capacitive ring can be observed for Mg,
Mg-OH, and Mg-16, respectively. For Mg-Chi(Zn/BMP2) and
Mg-Chi(Zn/BMP2)/HA, both of high and low frequency
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Figure 3: The electrochemical polarization curves and electrochemical impedance spectra (EIS) of the different samples.
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capacitive rings existed on EIS spectra. As known, the high
and low frequency rings correspond to the processes of
charge transfer and mass transfer, respectively [37,38]. The
radius of capacitive rings determined the corrosion resis-
tance. The radius of high frequency ring was increased in
sequence of Mg, Mg-OH, Mg-16 Mg-Chi(Zn/BMP2), and Mg-
Chi(Zn/BMP2)/HA, indicating that the charge transfer became
difficult and the corrosion resistance was gradually improved.
For Mg-Chi(Zn/BMP2) and Mg-Chi(Zn/BMP2)/HA, the occur-
rence of low frequency rings indicated the mass transfer also
slowed down. Therefore, it can be concluded that the corro-
sion resistance of magnesium alloy was gradually improved
by the coating.

Figure 4 shows the curves of pH changes and Mg**
release concentrations of the medium as a function of
immersion time. As magnesium alloy was immersed into
the SBF solution, lots of hydroxyl ions and magnesium
ions were released due to the reaction of magnesium alloy
with H,O in aqueous solution, which resulted in the
increase of pH values and Mg®* concentrations. In 1 day,
the pH values and Mg”" concentrations of the medium for
the control magnesium alloy increased rapidly and always
presented the largest among all samples over 7 days, as
shown in Figure 4, suggesting that the blank magnesium
alloy was rapidly degraded in aqueous solution. For Mg-
OH, although the degradation was hindered to some extent
by the protective layers, the pH values and Mg** concentra-
tions were still high on 7th day. In this case, the Mg(OH),
layer, formed by the alkali heat treatment, could inhibit the
corrosion of the magnesium alloy. However, the existence
of chloride ions in solutions would transfer Mg(OH), into
the more soluble MgCl,. Upon losing the protective effect of
the Mg(OH), layer, the magnesium alloys would be further

10.0
a .
-
9.5 " " o
- ] ] A e
< L 3 A
9.0 - e = 3
g ,
© y : &
T 854 & v 7 B *
o n, ¢
2 —
8.0 .".‘X *— Mg-OH
] A— Mg-16
) v Mg-Chi(Zn/BMP2)
7.5 + Mg-Chi(Zn/BMP2)/HA
. T - T v T T T T T T T ¥ T
0 1 2 3 4 5 6 7

Immersion time (d)

DE GRUYTER

corroded, leading to high pH values and Mg** concentra-
tions. For Mg-16, due to the covering effect of organic mole-
cules, the transfer process of Mg(OH), to MgCl, was slowed
down to some extent. Thus, the overall pH and Mg?* con-
centrations were decreased. After immobilizing Chi(Zn/
BMP2) and Chi(Zn/BMP2)/HA on the surface, the pH values
and Mg?* concentrations were obviously decreased as com-
pared to Mg, Mg-OH, and Mg-16, but gradually increased
with the increasing immersion time, which can be attrib-
uted to the protective role of the chitosan membrane in the
complex coating. It is worth noting that Mg®* concentra-
tions further decreased and merely reached 12.42pg/mL
after 7-days immersion for Mg-Chi(Zn/BMP2)/HA. This sug-
gested that HA in the coating further slowed down the
degradation rate of magnesium alloy.

3.4 Osteoblasts adhesion and growth
behaviors

In order to investigate the adhesion and growth behaviors
of osteoblasts on the surfaces of the control and modified
magnesium alloys, the cells were stained with rhodamine
and DAPI to obtain visible green cytoplasm and blue
nucleus under a fluorescence microscope, respectively.
Figure 5 illustrates the adhesion and spreading of osteo-
blasts for 1 and 3 days, respectively. Additionally, in
order to evaluate the proliferation of osteoblast cells on
different surfaces, the CCK-8 test was performed and the
results are presented in Figure 6a. For the control Mg,
severe corrosion and degradation of magnesium alloy
took place in the culture medium, contributing to the
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Figure 4: The degradable behaviors of the different samples characterized by pH changes and Mg?" release concentrations of the medium.
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Mg-(ChilZn/BMP2)  Mg-(Chi/Zn/BMP2)/HA

Figure 5: Fluorescence staining of osteoblasts on different surfaces after being cultured for 1 and 3 days, respectively (green: cytoplasm,

blue: nucleus).
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Figure 6: (a) Proliferation of osteoblast cells on different surfaces after 1 and 3 days evaluated by CCK-8 test. (b) and (c) show the ALP and
OCN activities of osteoblast cells on different surfaces after culture 1 and 3 days, respectively. Data presented as mean + SD (n = 3) and

analyzed using one-way ANOVA.

appearance of bubbles and the increase of pH value (as
shown in Figure 4). This was not beneficial to the adhe-
sion, spreading, and proliferation of osteoblasts. There-
fore, merely a bit of osteoblasts emerged on the samples
both for 1- and 3-days culture. There was almost no
visible difference between CCK-8 values. For Mg-OH,
the alkali heat treatment induced the formation of Mg
(OH), layers and then enhanced the hydrophilicity and
corrosion resistance of the surface to some degree. The
cytocompatibility was improved by Mg(OH), layers. But
Mg(OH), can be dissolved by Cl™ in the medium. Thus, it
can be seen that the number of osteoblasts was slightly
increased. The similar situation also appeared in the case
of Mg-16. After self-assembly, the phosphating of the
magnesium alloy from 16-phosphonyl-hexadecanoic acid
suppressed the corrosion of CI". Compared with Mg, the
number of osteoblasts was increased on Mg-16 surface.
The differences of CCK-8 values between 1 and 3 days
slightly increased for Mg-OH and Mg-16. For Mg-Chi(Zn/
BMP2) and Mg-Chi(Zn/BMP2)/HA, because of a good

biological activity of the chitosan [29,30], a better osteo-
gensis/osseointegration role of BMP2 [27], and improved
corrosion resistance of the coating, the amount of osteo-
blasts was obviously increased. The osteoblast cells on the
surfaces presented more spreading and increased binding
sites. Besides, HA also possessed a good biocompatibility
and promoted the growth of osteoblasts [31]. On the 3rd
day, almost the whole surface was covered by the osteo-
blasts for Mg-Chi(Zn/BMP2)/HA, demonstrating that the
cytocompatibility was further improved by the complex
coating. The differences of CCK-8 values between 1 and 3
days can be evidently found, especially for Mg-(Chi/Zn/
BMP2)/HA.

Figure 6b and c show the ALP (alkaline phosphatase)
and OCN (osteocalcin) activities of osteoblast cells on
different surfaces after 1 and 3 days, respectively. ALP
and OCN are specific factors of osteoblast differentiation,
marking the beginning of differentiation and maturation
of osteoblasts, respectively. Therefore, the expression of
ALP and OCN activities can be used as the criterion to
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elevate the function of the coating on osteoblasts. For the
control Mg, excessive corrosion and corrosion products
on surfaces destroyed or even killed osteoblasts. Their
ALP and OCN activities were lowest among all samples.
Almost no significant difference can be found between
1and 3 days. It can be said that the functional expression
of osteoblast cells was seriously inhibited over time on
the surface of Mg. After alkali heat treatment and self-
assembly, the concentrations of ALP and OCN were
slightly increased and only small differences can be
found between 1 and 3 days. Compared with the control
Mg, the ameliorative corrosion resistance of Mg-OH and
Mg-16 facilitated osteoblast differentiation. However,
owing to the lack of biological activity of Mg-OH and
Mg-16, the complex containing BMP2 was immobilized
onto magnesium alloy surfaces. BMP2 can stimulate
DNA synthesis and cell replication, thereby promoting
the directional differentiation of mesenchymal cells into
osteoblasts. BMP2 is also the main factor that induces
bone and cartilage formation in the body and is expressed
in limb growth, endochondral ossification, early fracture,
and cartilage repair. It plays an important role in the
embryonic development and regeneration of bones [27].
In addition, zinc can stimulate bone formation and increase
osteogenetic function in osteoblasts through exciting cell
proliferation, ALP activity, collagen synthesis, and protein
synthesis [39]. After the introduction of Chi(Zn/BMP2) and
Chi(Zn/BMP2)/HA, the release of zinc ions and BMP2
remarkably elevated the early-stage and late osteogenic
differentiation markers ALP and OCN, especially on the
3rd day. ALP reached 67 ng/L and 70 ng/L for Mg-Chi(Zn/
BMP2) and Mg-Chi(Zn/BMP2)/HA, respectively. OCN were
47 pg/L and 52pg/L for Mg-Chi(Zn/BMP2) and Mg-Chi

Mg-16
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(Zn/BMP2)/HA, respectively. It can be said that the com-
plex coatings promoted the differentiation and functional
expression of osteoblasts. HA (hydroxyapatite) is the main
inorganic mineral component of human bones. Hydroxyl in
HA can combine with water molecules, polysaccharide,
protein, etc. in cells by hydrogen bonds, which is condu-
cive to osteoblast adhesion [40]. In addition, the concave-
convex structure of Mg-Chi(Zn/BMP2)HA coating gave
osteoblasts more adhesion points [40]. HA can be dis-
solved to release Ca and P under the action of ALP, pro-
moting the formation of new bone. In return, ALP activity
was increased by HA, as shown in Figure 6b. It has been
reported that HA can induce the formation of osteoblasts
[40]. In summary, the Chi(Zn/BMP2)/HA coating was
more beneficial for osteoblasts spreading and stimulating
osteogenic differentiation.

3.5 Antibacterial activities

In order to investigate the antibacterial activities of the
modified coatings, Escherichia coli (E. coli) was cultured
on the surface of magnesium alloy before and after modi-
fication. The adhesion and proliferation of E. coli were
also inspected. The results of typical SEM images and
photographs of E. coli colonization are illustrated in
Figure 7. Clearly, a large number of visible E. coli adhered
to the surface of the control Mg and Mg-OH. It is suggested
that Mg and Mg-OH as implant materials have great poten-
tial to be infected by bacteria. After 24 h of culture, the
number of colonies in petri dish reached 3,648 and 3,997
for Mg and Mg-OH, respectively. Compared with the control

Mg-(Chi/Zn/BMP2) Mg-(Chi/Zn/BMP2)/HA
; 4 T e

KO A

Figure 7: Typical SEM images (a) and photographs of colonization (b) by E. coli on different surfaces of magnesium alloy.
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Mg, Mg-OH coating enhanced the corrosion resistance of
magnesium alloy to a certain extent, but the number of
colonies was more than that of Mg. This was most likely
ascribed to the fast corrosion for Mg, which affected the
survival environment of bacteria, and as a result, inhibited
their growth [22]. Besides, the adhesion of E. coli was still
severe for Mg-16. It is indicated that the improved corrosion
resistance of Mg-OH and Mg-16 had limited effect on anti-
bacterial properties. Similar results were also obtained in
the previous report on antibacterial ability of coated and
uncoated AZ31 alloy [22]. For Mg-Chi(Zn/BMP2) and Mg-
Chi(Zn/BMP2)/HA, the amount of E. coli and its colonies
was noticed to decrease significantly. As reported, the chit-
osan from the coatings can destroy the membrane struc-
tures of E. coli through interacting with proteins on the cell
membrane [41]. The chitosan changed the permeability of
membrane and caused cellular leakage [41]. Simultaneously,
the released Zn?* from the coatings had a significant effect in
the active transport inhibition as well as in the amino acid
metabolism and enzyme system disruption of E. coli [39].
Therefore, the synergistic antibacterial effect of chitosan
and released Zn*" led to the decreasing of bacterial adhe-
sion and proliferation.

4 Conclusion

In order to solve the problems of too fast degradation rate,
limited biocompatibility, and poor antibacterial effect of
magnesium alloy, a multifunctional bioactive coating of
Chi(Zn/BMP2)/HA was successfully constructed on sur-
faces. Compared with other samples, Mg-Chi(Zn/BMP2)/
HA significantly enhanced the hydrophilicity and corrosion
resistance. The Chi(Zn/BMP2)/HA coating also showed excel-
lent biocompatibilities, which can not only significantly pro-
mote the osteoblast adhesion and proliferation, but also
upregulate ALP and OCN expression of osteoblasts.
Furthermore, due to the synergistic antibacterial effect
of zinc ions and chitosan, Mg-Chi(Zn/BMP2)/HA had
good antibacterial properties against E. coli. Therefore,
the method in present study can be effectively used for
the surface modification of magnesium alloys as ortho-
pedic materials to simultaneously improve the corrosion
resistance, biocompatibility, and antibacterial properties
against E. coli. In future, implantation experiments with
magnesium alloy coated with Chi(Zn/BMP2)/HA complex
need to be performed to further verify the in vivo bio-
compatibility.
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