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In this study, novel and functional Mg/O/PCL/ZnO (magnesium/anodic film/poly(e-caprolactone)/zinc
oxide) composite biomaterials for enhancing the bioactivity and biocompatibility of the implant
was prepared by using anodization treatment and dip-coating technique. The surface morphology,
microstructure, adhesion strength and corrosion resistance of the composite biomaterials were inves-
tigated using scanning electron microscopy (SEM), adhesion measurements, electrochemical tests and
immersion tests respectively. In addition, the biocompatible properties of Mg (magnesium), Mg/PCL
(magnesium/poly(e-caprolactone)) and Mg/O/PCL (magnesium/anodic film/poly(e-caprolactone)) sam-
ples were also investigated. The results show that the Mg/O/PCL/ZnO composite biomaterials were with
low porosity and with the ZnO powders dispersed in PCL uniformly. The adhesion tests suggested that
Mg/O/PCL/ZnO composite biomaterials had better adhesion strength than that of Mg/PCL composite
biomaterials obviously. Besides, an in vitro test for corrosion demonstrated that the Mg/O/PCL/ZnO

composite biomaterials had good corrosion resistance and zinc ion was released obviously in SBF.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

As lightest structural metals, magnesium and its alloys have
been widely used in the fields of auto-motive industry, aerospace,
electronics, telecommunication, computer manufacturing for their
outstanding physical and mechanical properties, such as good
vibration, shock adsorption and high damping capacity. Besides, the
specific density (1.74-2 g/cm?3) and Young’s modulus (41-45 GPa)
of magnesium alloys is close to human body’s bone (1.8-2.1 g/cm3,
3-20GPa) make them quite suitable for using as bone repairing
materials [ 1-4]. Moreover, Mg?* is an essential element to human
metabolism and was reported to stimulate the growth of new bone
tissue [3,5-8]. However, the applications of magnesium alloys are
limited by their poor corrosion resistance, especially in the environ-
ment of body fluid and blood plasma [9,10]. Poly(e-caprolactone)
(PCL), as a typical aliphatic polyesters, is completely biocompati-
ble, biodegradable, and nontoxic to living organisms [11-13]. ZnO
powders are a newer type of promising candidate because of their
high safety [14,15], low price, and lacking of polluting effects. In
addition, the ZnO powders can release zinc ion in vivo and zinc ion
could promote bone formation [16-21]. Here we have designed
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a novel functional Mg/O/PCL/ZnO composite material to solve the
poor corrosion resistance of magnesium, lead to improvement of
bioactivity and biocompatibility. As a popular and simple surface
treatment, anodization can produce a relatively adherent, hard,
thick and abrasion-resistance oxide/hydroxide films on magne-
sium [22-25]. We use anodization treatment to construct the rough
structure, which can improve the adhesion strength between PCL
and AZ91 magnesium alloy and protect the magnesium alloy bet-
ter. Meanwhile, ZnO powders were doped in the PCL to improve
the bioactivity and biocompatibility of the implant and decrease
the degradation rate of magnesium alloys.

Finally, the Mg/O/PCL/ZnO composite biomaterials were fabri-
cated by anodizing treatment and dip-coating method in this study.
The synthesis method for Mg/O/PCL/ZnO is simple, environment-
friendly and non-toxic, which might be applicable in other fields.
The concrete preparation process of Mg/O/PCL/ZnO composite
materials is shown in Fig. 1.

2. Materials and methods
2.1. Materials
The following chemicals were used without further purifi-

cation or modification: aqueous ammonia solution, ethanol,
dichloromethane (DCM) (Chuandong Chemical Reagent Factory,
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Fig. 1. The designed functional composite materials (a) and preparation process of Mg/O/PCL/ZnO composite materials (b).

China), and PCL (Mw: 80,000, Beijing Essen Technology, China),ZnO
powders (80-100 nm, Chengdu Kelong Reagent Co., Ltd., China).
Hank’s balanced solution was utilized as a simulated body fluid
(SBF) (8.0gL~! NaCl, 0.35gL~! NaHCO3, 0.4gL~! KCI, 0.14gL"!
CaCl,, 1.0gL~1 CgHgOg (glucose), 0.1gL~! KH,P04-H,0, 0.2gL-!
MgS04-7H,0, 0.06 gL' Na,HPO4-7H,0) [3]. Die-cast magnesium
alloy AZ91 (Chongging Boao Mg-Al Manufacturing Co., Ltd., China)
was used as a substrate material.

2.2. Sample preparation

In this work, die-casted Mg alloy (AZ91) with a chemical com-
position (wt.) of 8.77% Al, 0.74% Zn, 0.18% Mn, 90.31% was used
for investigation. The dimensions of all samples were 40 mm
x15 mm x 5 mm. Before used, the samples were polished by silicon
carbide papers from 150 to 1500 mesh, then ultrasonically cleaned
in acetone and rinsed with de-ionized water. Finally, the samples
were dried at 60 °C and cooled to room temperature.

2.3. Preparation of Mg/O/PCL/ZnO composite materials

The AZ91 samples were anodized in 3molL~! KOH solution
at 60°C for 10 min. Anodization treatment process was at a con-
stant voltage of 10V. After anodic oxidation, the samples were
washed thoroughly with distilled water and followed by air dried.
The washed samples were treated under 95 °C for 30 min, and then
cooled to room temperature.

The Mg/O/PCL/ZnO composite materials were prepared by
anodization and dip-coating method with suitable concentrations
of PCL solutions. Two different concentrations of PCL solutions
(2.5wt.% and 10 wt.%) were prepared. PCL granules were dissolved
in dichloromethane (DCM) solvent under magnetic stirring for 5 h.
Then colloids were prepared by mixing the ZnO powders with PCL
polymer solution (10 wt.%). The obtained colloidal solution was
stirred continuously for 10 h. The prepared samples were immersed
into the mixed solutions for 30s and then pulled out of the solu-
tion at a speed of 2 mm/s for the first layer. After the films dried,
the subsequent layers were prepared in the same way. Then the
Mg/O/PCL/Zn0 composite materials were prepared. Table 1 showed
the layers of four groups of the samples (Mg, Mg/PCL, Mg/O/PCL and
Mg/O/PCL/ZnO).

2.4. Microstructure characterization and property tests

The surface morphologies and cross-section examination were
observed by digital camera and scanning electron microscopy (SEM,
Hitachi S-4800). Roughness of composite samples was measured by
atomic force microscope (AFM, CSPM5500). Electrochemical tests

were performed using a CorrTest CS350 electrochemical worksta-
tion. The concentration of zinc ion in the immersed solution was

determined by atomic absorption spectrophotometry (HITACHI
180-50).

3. Results and discussion
3.1. Characteristics of the surface

The surface morphology of anodized magnesium sample, com-
posite materials and their cross-section examination were shown
in Fig. 2. The anodized magnesium exhibits a heterogeneous sur-
face with micro-scaled roughness (Fig. 2a). The SEM images show
that the surface morphologies of Mg/PCL materials produced fairly
interconnected pore networks and the thickness of PCL coating was
about 5-7 wm (Fig. 2b). The PCL coating of the Mg/O/PCL compos-
ite materials is not thick enough to cover the anodic magnesium
completely and the cross-section examination showed that the
thickness of O/PCL part (anodic and PCL coating) on magnesium was
about 10 wm (Fig. 2¢). In Fig. 2d, the Mg/O/PCL/ZnO materials were
prepared with low porosity and the ZnO particles were dispersed
in the PCL films uniformly and the thickness of the O/PCL/ZnO part
(anodic and PCL/ZnO coating) was about 20 pwm (Fig. 2d). From their
cross-section examination, the thickness of the coating became
thicker after doping the ZnO powders into PCL solutions and the
Mg/O/PCL/ZnO sample was with the thickest coating which could
provide enough corrosion protection to magnesium.

The roughness of samples was investigated with atomic force
microscopy. Images were obtained at 8 x 8 wm with a cut-off
of 2 wm. The roughness of the Mg/PCL and Mg/O/PCL samples
were 111.97 nm and 335.93 nm, respectively. And the roughness
of Mg/O/PCL/ZnO sample was >2 pm. It also demonstrated that
the Mg/O/PCL/ZnO sample was with rougher surface which could
provide enough space for bone tissue growth.

3.2. Adhesion measurements

The adhesion strength between films and AZ91 magnesium
alloy was evaluated according to American Society for Testing and
Materials (ASTM) D3359-09 method [26,27]. The results of adhe-
sion measurement tests are shown in Fig. 3. It can be seen that the
rough anodic film could improve the adhesion strength between
PCL and AZ91 magnesium. The PCL of Mg/PCL was detached off the
magnesium completely. However, there is no obvious delamina-
tion or detachment of the Mg/O/PCL and Mg/O/PCL/ZnO samples
was observed, which indicate that the addition of intermediate
anodic film indeed improves the bonding strength between PCL
(or PCL/ZnO) and AZ91 samples.

3.3. Electrochemical corrosion behavior

Electrochemical impedance spectra (EIS) were carried out in
SBF. In a water bath the electrochemical tests were conducted with
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Table 1
The coating of the samples.
Layer Mg Mg/PCL Mg/O/PCL Mg/O/PCL/ZnO
First layer None 2.5wt.%. PCL 2.5wt.%. PCL 2.5wt.%. PCL
Second layer None 10wt.%. PCL 10wt.%. PCL 10wt.%. PCL
5wt.%. ZnO

Fig.2. SEM micrographs of surface morphologies of anodized magnesium and composite materials: (a) anodized magnesium; (b) Mg/PCL; (c) Mg/O/PCLand (d) Mg/O/PCL/ZnO.

a three-electrode system in 200 mL SBF. Samples were embedded
in epoxy resin and exposed with a surface area of 1 cm?2. A platinum
mesh and a saturated calomel electrode were used as the counter
and the reference electrode, respectively.

The EIS plots of the four groups (Mg, Mg/PCL, Mg/O/PCL,
Mg/O/PCL/ZnO) in SBF are represented in Fig. 4. It is known that
in the Nyquist plane the diameter of the capacitive loop repre-
sents the impedance value of the working electrode [28]. As shown
in Fig. 4, Mg/O/PCL/ZnO samples showed the best anticorrosion
performance compared with Mg, Mg/PCL and Mg/O/PCL samples.
The value of R for the Mg/O/PCL/ZnO samples (>700 kS2) is about

Mg/PCL

19 Clus gz}
Hoetore | AF ater ||

Mg/O/PCL

46 times larger than that of the Mg samples (15k€2). EIS results
indicated that Mg/O/PCL/ZnO samples could have desirable anti-
corrosion performance as the effective blocking barrier. That is
because the anodic film provides protection to the magnesium and
the doped ZnO fills PCL film’s pore to produce smooth surface with
low porosity. From the results, Mg/O/PCL/ZnO shows the best anti-
corrosion performance among four groups.

The result is consistent with that derived from the potentio-
dynamic polarization curves of four groups shown in Fig. 5. It is
obvious that the Mg/O/PCL/ZnO exhibits the best corrosion resis-
tance compared with that of Mg/PCL and Mg/O/PCL. The anodic

Mg/O/PCL/ZnO

Fig. 3. Optical images of Mg/PCL, Mg/O/PCL and Mg/O/PCL/ZnO samples before and after adhesion tests by ASTM D3359-09.



Z. Xi et al. / Applied Surface Science 351 (2015) 410-415 413

Fig. 4. Electrochemical impedance spectroscopy (EIS) of samples in SBF.

Fig. 5. Potentiodynamic polarization curves of samples in SBF.

polarization of the Mg/O/PCL/ZnO surface brought about a stable
and long passivation region. Besides, corrosion potential (Ecorr ), COT-
rosion current density (icorr) and corrosionrate (CR) were calculated
from the polarization curves by using Tafel extrapolation methods
(Table 2). This could be a good indication of the materials’ stability:
(i) all types of the composite materials decreased the substrate cor-
rosion current density, significantly; (ii) anodic film and doped ZnO
can improved the corrosion resistance in some extent and enhance
the surface bioactivity. The results showed that the Mg/O/PCL/ZnO
materials had the best corrosion resistance among the four groups.

3.4. Immersion test

An immersion test was performed for 35 days at 37°C, with 3
substrates for each group being immersed in 150 mL SBF. The SBF
was updated every 5 days during immersion. The pH value of SBF
solution was monitored with a pH meter. In Fig. 6, the pH change
of composite materials in the SBF was minor than that of the Mg

Table 2
Electrochemical parameters of samples.

Fig. 6. Change of pH values of samples with immersion time at 37 °C for 35 days in
SBF.

during immersion process, and the Mg/O/PCL/ZnO group had the
slightest pH value change between 7.4 and 8.4 in 35 days’ immer-
sion of SBF. The pH change of Mg samples was the highest among
four group samples and that’s because the magnesium alloys could
easily occur corrosion in SBF without protection. And the corro-
sion products of magnesium alloys contains Mg(OH),, Ca(OH), and
phosphate salts which canrapidly dissolved into SBF to improve the
pH of SBF. However, the composite materials have the functional
protection part which can prevent corrosion in SBF. The pH change
result also suggests the Mg/O/PCL/ZnO biomaterials had the good
protection to magnesium samples.

InFig. 7, the Mg/O/PCL/ZnO group had the best protective among
four groups after 35 days’ immersion in 150 mL SBF at 37 °C. After
immersion, the Mg group was serious rotted (Fig. 7a), the films of
Mg/PCL (Fig. 7b) and Mg/O/PCL (Fig. 7c) groups were also destroyed
partly. However, the films of Mg/O/PCL/ZnO group still had the
strong protection to magnesium alloy (Fig. 7d).

For zinc releasing test, we used the PCL films (20 mm x 30 mm)
and PCL/ZnO films (20mm x 30mm) in 150 mL SBF at 37°C for
35 days. Then the concentrations of zinc of the immersed solu-
tion were determined by atomic absorption spectrophotometry
(HITACHI 180-50). The result is that the zinc ion release of PCL/ZnO
films is about 90 g and the PCL films do not release zinc ion. In
SBF, ZnO powders could demonstrate slight dissolution generally
as the following reactions [29]:

ZnO(s) + 2H* < Zn** +H,0(1) (1)
ZnO(s) + H* < Zn(OH)* (2)
Zn0(s) + OH™ +H,0(l) < Zn(OH)3~ (3)
Zn0(s) 4+ 20H™ +H,0(l) < Zn(OH )42~ (4)

That means that the Zn ion is released from Mg/O/PCL/ZnO
composite materials in body, which could act as the role of pro-
moting bone formation. At the same time, the composite materials
have good corrosion resistance. It is suggested that Mg/O/PCL/ZnO
composite materials may have great potential in bone tissue engi-
neering applications.

Substrates Icorr (A/cm?) Ecorr (V) Corrosion rate (mmy/a)
Mg 9.55 x 1076 —1.58 2.06 x 10!
Mg/PCL 5.04 x 1077 -143 1.09x 1072
Mg/O/PCL 5.77 x 1078 -1.25 1.25x 1073
Mg/O/PCL/ZnO 433x10°° -1.19 9.36x 107
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Fig. 7. SEM images (a, b, ¢, d) and digital pictures (e, f, g, h) of four groups (Mg (a and e), Mg/PCL (b and f), Mg/O/PCL (c and g), Mg/O/PCL/ZnO (d and h)) after 35 days’

immersion in SBF at 37°C.

4. Conclusion

In this article, novel adhesive Mg/O/PCL/ZnO composite mate-
rials were successfully prepared. The SBF electrochemical studies
and 35 days’ immersion test manifested that the Mg/O/PCL/ZnO
had the outstanding corrosion resistance in SBF. Zinc ion releas-
ing test showed that the Mg/O/PCL/ZnO biomaterials can release
zinc ion to promote bone formation, which indicate that this mate-
rials may have great potential in tissue engineering applications.
What'smore, the Mg/O/PCL/ZnO biomaterials can provide a feasible
scheme in clinical bone repairing application.
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