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Magnesiumalloys have raised an immense amount of interest tomany researchers because of their evolution as a
new kind of third generation materials. Due to their biocompatibility, density, and mechanical properties, mag-
nesium alloys are frequently reported as prospective biodegradable implant materials. Moreover, magnesium
alloys experience a natural phenomenon to biodegrade in aqueous solutions due to its corrosion activity,
which is excellent for orthopedic and cardiovascular applications. However, a major concern with such alloys
is fast and non-uniform corrosion degradation. Controlling the degradation rate in the physiological environment
determines the success of biodegradable implants. In this investigation, three different grades of magnesium
alloys: AZ31B, AZ91E and ZK60A were studied for their corrosion resistance and biocompatibility. Scanning
electron microscopy, energy dispersive spectroscopy, atomic force microscopy and contact angle meter are
used to study surface morphology, chemistry, roughness and wettability, respectively. Additionally, the cytotox-
icity of the leached metal ions was evaluated by using a tetrazolium based bio-assay, MTS.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Biological implants have been used in many different applications
today, such as orthopedic and cardiovascular. Typical biomaterials en-
compass stainless steel alloys, cobalt-chrome alloys, titanium alloys,
alumina, zirconia, poly-methyl-methacrylate (PMMA), poly-lactic acid
(PLA), etc. Most of the biomedical devices made from these materials
are designed to stay permanently in the body. However, it has been re-
ported that long-term implantations lead to complications, including
sensitizations and allergies. There is also a need for secondary surgery
to remove implants which may increase health care cost and mortality
rates [1]. To overcome these limitations associated with permanent im-
plant materials, biodegradable materials are proposed. Biodegradable
magnesium alloys are considered potential materials for the fabrication
of medical implants. Magnesium possesses an important property such
as biodegradability; characteristic of thematerial to degrade in a biolog-
ical environment such as the human body [2]. Magnesium alloys are
considered an alternative material useful for the fabrication of car-
diovascular, orthopedic and trauma stomach devices [3–7]. Magnesium
alloys have similar density and Young's modulus as bones (E =
40–45 GPa for Mg and E = 3–20 GPa for bone) [8]. Even the strength/
density ratio is greater than stainless and titanium alloys [9]. Moreover,
magnesium is the fourthmost abundant cation in the human body, with
an estimation of 1 mol of magnesium in a normal 70 kg adult [2].
Magnesium serves as co-factor for many enzymes and delivers func-
tions as a stabilizer for DNA and RNA structures [2,10]. Magnesium
can even accelerate bone tissue growth [11]. However, it is important
to take into consideration that high rate of magnesium alloy ions and
particles released from an implant in the human body can be toxic.
The high concentration of metal ions such as zirconium, aluminum,
and rare earth metals produced through the corrosion activity may
lead to harmful diseases inflammatory cascades and tissue damage [2,
12–15]. High aluminum concentration is also harmful to neurons and
osteoblasts and may cause dementia and Alzheimer's disease [16,17].

A major drawback with magnesium is its corrosion resistance. Most
of the time such inadequate characteristic has deferred its wide scale
use in many applications. Magnesium alloys corrode in aqueous solu-
tions, and the different oxidation–reduction reactions are affected by
the different alloying elements. Typically, the corrosion of magnesium
will produce hydrogen gas and magnesium hydroxide. The following
are the common anodic, cathodic and net reactions [18]:

Anodic Mg→Mg2þ þ 2e− ð1Þ

Cathodic 2H2Oþ 2e−→H2 þ 2 OH−ð Þ ð2Þ

Net reaction Mgþ 2H2O→Mg OHð Þ2 þH2: ð3Þ

Previousworks [11,19–22] reported that organic and inorganic com-
ponents could influence the corrosion rate of magnesium alloys. Due to
this corrosion activity, the mechanical integrity can be affected before
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Table 1
Chemical composition of PBS solution (g/l).

NaCl Na2HPO4 NaHCO3 KCl KH2PO4 MgSiO4 CaCl2

8.0 0.06 0.35 0.4 0.06 0.2 0.14
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certain tissues heal without any negative effects e.g., hard-tissue
implantation repairs may require at least 12 weeks [2].

The process of alloying elements with magnesium leads to an im-
provement in both corrosion resistance and corrosion rate of magne-
sium [20,23]. It is reported that addition of aluminum into magnesium
increases the ductility, yield strength and ultimate tensile strength via
the formation of β-Mg17-Al12 phase [17,24]. Similarly, the addition of
zinc into magnesium improves corrosion resistance, creep behavior,
yield strength and tensile strength of the alloy when the Zn content is
less than 6 wt.% [24,25]. Decrease in elongation and tensile strength
a) b

c)

e) f

d

Fig. 1. SEM images of magnesium alloys: a) AZ31B untreated b) AZ31B anodized, c)
takes place when Zn content is over 6 wt.% [10]. Zn can also encumber
the movement of the recrystallized grain boundary to refine the micro-
structure [17]. The addition of zirconium tomagnesium enhances grain
refinement. However, zirconium cannot be used with Mg containing
aluminum because it can be removed from solid solution due to the for-
mation of stable compounds [26].

Surface modifications are known to significantly improve surface
properties ofmagnesium alloys. Sincemagnesium alloys are considered
biodegradable alloys, they can only receive certain types of surface
modifications. These types of surface treatments are chosen according
to the environment the implant will be placed in [27]. Anodization is
an electrochemical treatment that changes the surface chemistry of
the metal by oxidation, producing a stable oxide layer. A thin layer at
the metal-oxide interface, followed by a less dense porous oxide layer,
characterizes the structure of the oxide film [28]. The anodizing behav-
ior is strongly influenced by the voltage, current, temperature, and
)

)

)

AZ91E untreated, d) AZ91E anodized, e) ZK60A untreated f) ZK60A anodized.
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concentration of electrolyte [28,29]. Anodization can increase the film
thickness, biocompatibility, corrosion resistance, hardness, resistance
to wear, and can even influence adhesion properties [30,31].

2. Experimental

2.1. Materials and methods

The specimens were made of AZ31B (3.0 wt.% Al, 1.0 wt.% Zn, Mg
balance), AZ91E (9.0 wt.% Al, 1.0 wt.% Zn, Mg balance) and ZK60A
(6.0 wt.% Zn, 0.45 wt.% Zr, Mg balance) magnesium alloys. The alloys
were received in the form of rods andwere cut into small disks with di-
mensions: 19 mm diameter and 4 mm thickness. Each sample was me-
chanically ground up to 1200-grit SiC paper, ultrasonically cleaned and
degreased using ethanol and then air-dried. Magnesium alloys were
anodized by Electrobright®(Macungie, PA, USA). Briefly, magnesium
samples were subjected to anodization using a proprietary electrolyte
consisting of a mixture of alcohol and organic acid at a constant voltage
of 20V, temperature of 10 °C for 30min, using tungsten (W) as the cath-
ode material.

2.2. Material characterization

The surface morphology of the specimens was analyzed by scanning
electron microscopy (Sigma VP Carl Zeiss, Germany). The element distri-
bution on the surface of the alloys was investigated by energy dispersive
spectroscopy (EDS) (Carl Zeiss, Germany). The surface roughness was
Table 2
Surface characterization properties of Mg alloys.

Mg alloys 3-Dimensional optical image of alloy
surface (20 × 20 μm)

Average surface
roughness (nm) n = 3

A
d

AZ31B untreated 48.58 ± 23.45 5
4
4

AZ31B anodized 48.96 ± 10.23 9
7
6

AZ91E untreated 29.76 ± 12.69 6
4
4

AZ91E anodized 204.81 ± 62.70 9
6
5

ZK60A untreated 78.30 ± 21.63 6
5
4

ZK60A anodized 75.88 ± 34.49 7
5
4

analyzed (20 × 20 μm area) by atomic force microscopy (Nanoscope IV
MultiMode in air, Digital Instruments, Santa Barbara, CA, USA). The con-
tact angle, surface free energy and work of adhesion were measured by
applying the sessile drop method using the Kyowa angle meter (DM-
CE1 Japan).

2.3. Electrochemical analysis

Electrochemical measurements were performed utilizing a standard
three-electrode corrosion cell employing a GAMRY potentiostat (refer-
ence 600) with saturated calomel electrode as the reference, a graphite
bar as the counter electrode, and magnesium alloy samples as working
electrodes (1 cm2 area exposed). The potentiodynamic polarization
scans were carried out in accordance with ASTM: G102-89 [32]. The
scanning rate was 1 mV/s. The temperature was kept at 37 °C using
phosphate buffer saline as the electrolyte (pH 7.2–7.4), the PBS compo-
sition is found in Table 1.

2.4. Cytotoxicity assessments

The effect of metal ions released from magnesium alloys was
assessed by using MTS assay (G3580, Celltiter 96®AQueousOne Solution
Reagent, Promega Corporation) to determine the percentage of viable
MC3T3-E1 (ATCC® CRL-2A593™) cells in extract solutions exposed to
different concentrations. The cells were cultured in MEM alpha modifi-
cationmedia (ThermoScientific™HyClone™ SH3026501), 10% fetal bo-
vine serum, FBS, (Thermo Scientific™ HyClone™ SH3008803HI), and
verage contact angle (°) — DI water, ethylene glycol,
iiodomethane (acid–base theory) n = 10

Surface free energy (mJ/m2)
(acid–base) n = 10

8.72 ± 0.46
4.84 ± 0.28
0.16 ± 0.18

39.52 ± 0.09

8.41 ± 0.51
1.49 ± 0.88
6.86 ± 0.13

25.67 ± 0.12

2.98 ± 0.42
7.85 ± 0.23
1.82 ± 0.06

38.69 ± 0.03

3.36 ± 0.84
7.29 ± 0.28
1.15 ± 0.23

33.63 ± 0.13

7.16 ± 0.34
0.83 ± 0.13
3.42 ± 0.10

37.84 ± 0.05

2.05 ± 0.60
3.59 ± 0.26
4.16 ± 0.13

37.47 ± 0.07

astm:G102


Table 3
Average electrochemical resultswith standard deviations of potentiodynamic polarization
of Mg Alloys (n = 3).

Alloy Icorr (A/cm2) E−06 Ecorr (V) C.R. (mpy)

AZ31 untreated 34.5 ± 3.5 −1.54 ± 0.01 29.98 ± 2.5
AZ31 anodized 2.72 ± 0.8 −1.31 ± 0.03 2.36 ± 0.4
AZ91 untreated 36.6 ± 3.2 −1.59 ± 0.02 30.85 ± 2.8
AZ91 anodized 2.50 ± 0.5 −1.40 ± 0.06 2.11 ± 0.3
ZK60 untreated 32.3 ± 2.6 −1.55 ± 0.05 26.75 ± 0.5
Zk60 anodized 1.86 ± 0.2 −1.25 ± 0.01 1.54 ± 0.3

a) b)

c)

Fig. 2. Potentiodynamic polarization curves of magnesium alloys: a) AZ31B, b) AZ91E, and ZK60A.
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Penicillin–Streptomycin (Sigma-Aldrich P4333) at 37 °C in a humidified
atmosphere having5% CO2. TheAZ31B, AZ91E, and ZK60mgalloyswere
immersed inMEM alphamodificationmedia for 21 days, and themedia
was changed and collected after every 3 days. Cells were counted
(2 × 104 cells) using hemocytometer and plated in 96-well plates with
200 μl of culture media per well. The cells were incubated for 24 h to
allow attachment. After the 24-hour incubation, the culture media
was replaced with culture media exposed to magnesium alloys (100%
concentrations). Pure culture media with cells was used as control.
The cells were incubated for 24 h. After the 24 h, 100 μl of media were
removed from the 96-well plates, the remaining 100 μl mediawas treat-
ed with 20 μl/well with Celltiter 96® AQueous One Solution Reagent. The
96-well plates were placed in the incubator for 4 h. Immediately after
the incubation period, the optical densitymeasurements were recorded
using ELx800™ BioTek absorbance microplate reader controlled by
Gen5 software with a 490 nm absorbance excitation filter. Statistical
analysis was executed to evaluate the difference in cell viability by the
analysis of variance. One-way ANOVAwas used to determine the signif-
icance of pairwise comparisons. Differences were considered statically
significant (P b 0.05) and not significant (P N 0.05).

3. Results and discussion

3.1. Surface morphology and chemistry

Fig. 1 presents the surface morphologies and elemental surface
distribution information of magnesium alloys. Different surface mor-
phologies were observed before and after the anodization treatment.
Fig. 1a,c and e exhibit untreated alloys with typical grinding marks. On
the other hand, Fig. 1b,d and f shows anodized magnesium alloys with
micro-textured morphologies. The anodization treatment produced an
oxide film, which is intended to improve the corrosion resistance [33].
The anodized morphologies demonstrate some micro-texture patterns
throughout the treated surface for AZ31 and AZ91, however ZK60
morphology shows the grain boundaries of the alloy. Furthermore, the
EDSdemonstrated the surface composition for each of the alloys. The in-
creased oxygen contentwas observed for anodized sampleswhen com-
pared to untreated samples. High oxygen concentration indicates that
the anodic film is made up of magnesium oxides and hydroxides [34].
There are different factors that can influence the behavior of the anod-
ized films formed on magnesium alloys. For instance, intermetallic
compounds, grain boundaries, cavities, small and large voids can have
an effect on the anodic layer [30]. Similarly, the differences in micro-
textured films (Fig. 1b,d & f) largely depends on the surface structure
of the cast material [30]. Moreover, dielectric breakdown may cause
spark discharge and gas generation at the time of the film formation.
This event can also influence the structure of the film as shown in the
SEM micrographs. Some of the cracks that appear on Fig. 1b might be
the result of the internal stress when film is being formed [30,35].
Fig. 1d depicts a smoother appearance and this might be due to the
higher aluminum content in the Mg alloy [36].



a)

c)

b)

Fig. 3. Nyquist plots of magnesium alloys: a) AZ31B, b) AZ91E, and c) ZK60A.
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3.2. Surface roughness and wettability

In this investigation, surface roughness andwettability has been stud-
ied. Table 2 shows the surface properties of magnesium alloys. The aver-
age surface roughness (Ra) and standard deviation was calculated and
recorded for all untreated and anodized alloys. The results for the
AZ31B andZK60Aalloys didnot have any significant change in the surface
roughness. However, for the AZ91E alloys, Ra values increased for the
Fig. 4. Effect of Mg Alloys on MC3T
anodized alloys. AZ91E untreated alloys showed the lowest surface
roughness, while the highest roughness was measured for AZ91E anod-
ized alloys. The surface roughness is partly related to non-homogeneity
of anodic layer and the formation of pores and cracks on the anodic
film. These defects were greater in case of AZ91E when compare to
AZ31B and ZK60A alloys [37]. Rough surfaces exhibit more surface area
and reveal a better bone integration via the osseointegration process. In-
teraction between tissues and implants surfaces is typically controlled by
3 cells after 1-day incubation.
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the finish and texture of the implant material. Similarly, micro-textured
surface (Fig. 1b,d and f) characteristics allow in growth of the tissues
[38,39].

Contact anglemeasurements provide information on thewettability
properties of a biomaterial.Wettability can influence protein absorption
and cell activity. In this investigation, wettability results have shown
that the contact angle increases (hydrophobic behavior) with the
three liquid probes for the anodized alloys. On other hand, the surface
free energy is lower for the anodized alloys when compared with un-
treated alloys.
Fig. 5. Cell morphology with 12-day media collected from Mg alloys, a) AZ31 untreated, b) AZ
g) blank control.
3.3. Electrochemical analysis

The electrochemical polarization curves from the different magne-
sium alloys immersed in PBS are shown in Fig. 2. Three samples of
each type of magnesium alloy (n= 3)were used in the analysis. In the-
ory, the cathodic curve represents the hydrogen evolution through the
reduction process, while the anode curve characterizes the oxidation
of Mg. Longest passivation stages were observed for AZ31B and AZ91E
anodized compared to ZK60A anodized passivation area. The corrosion
potential Ecorr, the current density Icorr, and corrosion rate C.R. results
31 anodized, c) AZ91 untreated, d) AZ91 anodized, e) ZK60 untreated, f) ZK60 anodized,
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extracted from the potentiodynamic polarization curves via tafel fit
extrapolation are summarized in Table 3. The anodization treatment
has enhanced the corrosion resistance. The current densities have
decreased for all three alloys. The current density for AZ31B shifted
from 3.45E−05 A/cm2 to 2.72E−06 A/cm2, improving the corrosion
rate. The same behavior was observed for the other magnesium
alloys. The current density of AZ91E shifted from 3.66E−05 A/cm2

to 2.50E−06 A/cm2, and ZK60A current density shifted from
3.23E−05 A/cm2 to 1.86E−06 A/cm2. Moreover, compared to un-
treated magnesium alloys the Ecorr potentials for the anodized alloys
became more positive experiencing a more noble behavior. The
comparison of corrosion resistance of different magnesium alloys
showed a lower current density for ZK60 indicating a high corrosion
resistance. High corrosion resistance of ZK60 is related to Zr element
[40]. Corrosion protection of anodized ZK60 thin layer after polari-
zation test seems more protective that other anodized layer because
of the presence of zirconium oxide.

The Nyquist plots of untreated and anodized AZ31, AZ91 and ZK60
alloys were obtained in PBS solution as shown in Fig. 3. It is represented
that the untreated AZ31 and AZ91 magnesium alloys showed two time
constants. The first time constant at high frequency represent the activ-
ity of solution species and their interaction with the metal surface. The
seconddistorted time constantwas related to charge transfer character-
istics under applied conditions. In case of AZ31 lower Zre (real imped-
ance) value (2.70 kΩ-cm2) than AZ91 (4.85 kΩ-cm2) corresponds to
higher concentration of the dissolved metal ions initially. In case of
AZ91 the decrease in impedance at low frequency corresponded to
relatively high corrosion rate than AZ31 which was in support to Po-
tentiodynamic polarization results as given in Table 3. The low Zre
(0.39 kΩ-cm2) was observed for ZK60 untreated alloy representing
higher dissolution ofmetal ions in PBS solution. The second time constant
depicted lower charge transfer resistance compared to other two alloys.
In anodized alloys the single time constant was obtained with a reverse
Zre impedance trend at low frequency. This behavior was similar for
AZ31 and AZ91 but different from ZK60 as the impedance spectrum at
low frequency was in the forth quadrant. This behavior was observed
due to higher dissolution tendency in the electrolyte and accelerated
desorption of metal cation in the electrolyte. The negative impedance in
ZK60 alloy was aroused due to lower concentration polarization because
of higher concentration of chlorides (reductant) ions in the electrolyte
near the surface or in other words rapid oxidation of metal surface and
formation of complex dissolved species in the electrolyte. The desorption
of hydrogen gas could also be related with decrease in impedance at low
frequency.

3.4. Percent cell viability (MTS assay) and cell morphology

In vitro tests are often performed for the evaluation of potential ef-
fects of the material on the host cells before implantation. Generally,
such techniques are based and described by international standards.
International standards such as ISO-10993-5 and ISO-10993-12 are
commonly used by researchers to evaluate different magnesium grades
[41–48]. The uses of direct and indirect methods are suggested experi-
mental assessments for the biomaterial screening. The indirect method
has been adopted. The preparation of the extracted solution samples in-
volves immersing magnesium materials in media for a period of time.
Following, the extracts are prepared making dilutions of various con-
centrations. In this investigation, the cell viability was studied with
100% concentrated extractedmedia. Fig. 4 depicts theMC3T3 cell viabil-
ity cultured for 24 h with individual extraction concentrations of AZ31,
AZ91, and ZK60Mg alloys. As explained previously, mediawas collected
every 3 days up to 21 days. The aim for this type of experiment was to
monitor the magnesium degradation and the leached metal ions for a
period of 21 days as seen in Fig. 3. The present results showed that the
cytotoxic effect was different for the tested materials. The lowest cell
viability of about 25% was observed for the ZK60 anodized alloy.
Significant reduced cell viability for AZ31 and AZ91 anodized alloys
could be seen during the 3-day period collected extracts. However, a
recovery with steady increase in growth rate was observed for AZ91 an-
odized alloy for the media collected after the 6-day extracted media.
AZ31 andAZ91untreated alloys showed similar cell viability trendbehav-
ior. Overall, AZ31 and AZ91 (untreated, anodized) were less cytotoxic to
the MC3T3 cells than ZK60 magnesium samples. The results also proved
that the cell viability for most of the alloys was greater than 75% suggest-
ing the cytocompatibility of AZ31, AZ91, and ZK60 [41].

Fig. 5 shows optical images of the osteoblast cells cultured for 24 h in
12-day extractmedia. Net cell growth is related to theMTS plotted data.
The results demonstrated good cell morphology for the extractedmedia
from AZ31 and AZ91 untreated and anodized alloys, however the cell
growth in the ZK60 extracted media does not show a good cell mor-
phology and proliferation when compared with the control.
4. Conclusions

AZ31B, AZ91E and ZK60A alloys were investigated as potential bio-
degradable orthopedic implant materials. The SEM analysis showed
that the alloys' morphology was completely changed depicting micro-
textured features formed after the anodization chemical treatment.
For the wettability studies, the anodic treatment made the surfaces be-
havemore hydrophobic. Also, the surface free energywas decreased for
the anodizedmaterials. The electrochemical experiments demonstrated
that the corrosion rate improved for AZ31B, AZ91E, and ZK60Aanodized
materials as compared to the untreated surfaces. Ultimately, the in vitro
analysis by indirect MTS assay displayed lowest cell viability of 25% for
ZK60 anodized. Significant reduced cell viability was observed between
days 3 and 9 for the extracted media of AZ31 and AZ91 alloys. The cell
viability was greater than 75% implying the cytocompatibility of the
magnesium alloys. However, challenges in biomedical evaluations con-
sist of several trials to establish the long-term biocompatibility of mag-
nesium based alloys and their corrosion products within the body;
therefore further biocompatibility studies should still be performed.
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