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Abstract Currently available engineering magnesium
alloys have several critical concerns if they are about to be
used as biomaterials, particularly the concern about the
toxicity of the common alloying elements such as alumi-
num and rare earth (RE). There is an increasing demand to
develop new magnesium alloys that do not contain any
toxic elements. It is also desirable, yet challenging, to
develop such a material that has a controllable degradation
rate in the human fluid environment. This paper presents
mechanical properties, degradation, and in vitro cell
attachment of a newly developed Mg—6Zn magnesium
alloy. The alloy demonstrated comparable mechanical
properties with typical engineering magnesium alloys.
However, the bare alloy did not show an acceptable cor-
rosion (degradation) rate. Application of a polymeric
PLGA or poly(lactide-co-glycolide) coating significantly
decreased the degradation rate. The results obtained from
cell attachment experiments indicated that the mouse
osteoblast-like MC3T3 cells could develop enhanced con-
fluence on and interactions with the coated samples.
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Introduction

Historically, corrosion has been thought to be a critical
issue that should be controlled to a level as minimal as
possible for structural materials. In recent years, there has
been a paradigm shift in thinking in the biomaterial com-
munity in terms of corrosion. There is now increasing
interest in intentionally using a corrodible alloy in some
medical device applications such as intravascular stents
and orthopedic implants [1] because the use of biode-
gradable materials can avoid a second surgery. In this case,
the human body must be able to deal with the corrosion
products and their effects. There are three major groups of
biodegradable metallic biomaterials: (1) iron and its alloys
(Fe-Mn) [2-4], (2) magnesium (Mg) and its alloys [5-8],
and (3) tungsten (W) [9]. Magnesium has attracted a great
deal of interest due to its exceptional mechanical and
physiological features. Physiologically, Mg®" ions are a
cofactor in many enzymatic reactions and essential for
normal neurological and muscular functions. Also, the
presence of magnesium benefits the mineralization process
of bony tissue and is important to bone’s strength and
health [10]. An adult human body contains approximately
30 g of magnesium in muscle and bone [11] and also need
to take in 420 mg/day. From the perspective of physical
and mechanical features, magnesium has good compati-
bility with human bone. For example, its density of 1.74
g/em® and Young’s modulus of 41-45 GPa are close to
natural bone (1.8-2.1 g/cm® and ~30 GPa, respectively).
Advantageous over inorganic and polymeric biomaterials,
Mg has much higher fracture toughness and yield strength.
Even more important and attractive is its biodegradability.
Current surgical orthopedics requires a secondary surgical
procedure to remove the orthopedic plate, screw, or pin
after the tissue has healed sufficiently. But if these
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orthopedic tools are made of magnesium, instead of
stainless steel or titanium, then they can naturally degrade
in, and be excreted from, the human body and therefore the
secondary surgery can be avoided.

The potential application of magnesium in orthopedics
was realized in the early twentieth century. The first sur-
gical attempt was reported by Lambotte in 1907 [12], but it
was not successful because the pure magnesium metal
corroded too rapidly in vivo, losing its mechanical integrity
only 8 days after surgery and leaving hydrogen gas pockets
beneath the skin. As such, the use of magnesium in
orthopedic devices was quickly abandoned. Attempts at
using magnesium were spurred again in the 1940s [12] and
subsequently boosted in the early 2000s, in line with the
advancement and development of magnesium technolo-
gies. The past few years have seen a big leap in the
development of magnesium biomaterials [1, 13]. Magne-
sium metal stents (e.g. AMS, Biotronik GmbH) have
moved to the clinical arena [4, 14, 15]. With the success of
the clinical experiments, it is envisaged that biodegradable
Mg will attract more academic investigations and capital
investment.

In the development of biometallic alloys and design of
biomedical devices, alloy compositions must be carefully
chosen; the potential toxicological elements should be
ideally avoided if possible. In this regard, high purity
unalloyed magnesium is an ideal candidate because it does
not contain any other alloying elements and it does have
the lowest degradation rate [16] (note here that in the
magnesium community “high purity” means extremely
low concentrations of Fe, Cu, and Ni, e.g., <40 ppm Fe,
<20 ppm Ni, and <20 ppm Cu). Unfortunately, the pure
Mg does not show an acceptable mechanical strength. Most
engineering Mg alloys, which are being considered for
biomedical applications, contain aluminum (e.g., AZ series
alloys) and/or rare earth (RE). Aluminum is known to be
harmful to neurons [17] and osteoblasts [18] and its
accumulation is associated to dementia and Alzheimer
disease [17]. The administration of RE could lead to hep-
atotoxicity [19]. It is demanding yet challenging to develop
biocompatible magnesium with controllable degradation.

Rapid degradation is an intrinsic response of magnesium
alloys to chloride containing solutions including body fluid
and blood plasma, through the following electrochemical
reactions:

Mg(s) + 2H,0 — Mg(OH), + Ha(g) (1)
Mg(OH),(s) + 2C1~ — MgCl,(soluble) + 20H™  (2)

The local alkalization due to the formation of OH™ ions
and the build-up of hydrogen gas are harmful to the sur-
rounding tissue and also affect the pH-dependent physio-
logical reaction balances [16]. Therefore, an initially low

degradation rate, or ideally a controllable degradation rate,
is desirable to avoid further deterioration of the adjacent
tissue. In order to reduce the degradation rate, a typical
approach is to apply a protective coating on Mg (the other
two methods are purification and alloying). A coating,
when used to reduce and/or retard degradation in the
human body, should be also biocompatible per se. A
number of coating technologies are available or under
development, such as conversion coatings, anodizing,
micro-arc oxidation, and polymeric coatings [13].

In this paper, we used a model magnesium Mg—6 wt%Zn
alloy (designated Mg—6Zn alloy hereafter). We chose Zn as
the main alloying element in the alloy design because: (1)
Zn is an essential element in the human body; (2) Zn is a
common alloying element for improving the mechanical
properties of magnesium alloys; and (3) alloying with Zn
has been reported to reduce the corrosion rate of magnesium
alloys in both simulated body fluid (SBF) and Hank’s
solution [20] and to increase cell viability [20]. Although
excess zinc exposure is toxic [21], the risk of a high-Zn
content magnesium can be offset if the material’s degra-
dation rate can be significantly reduced. For example,
recently Zberg et al. [22] reported ternary Mg—Zn—Ca (Zn
content up to 35 at.%) in the form of metallic glasses. These
glassy alloys show good tissue biocompatibility but without
hydrogen evolution. We employed a PLGA—poly(lactide-
co-glycolide)—coating on the Mg alloy samples to reduce
their degradation rate. PLGA copolymers are among the
few approved synthetic polymers for human clinical
applications due to their excellent biocompatibility. They
are also biodegradable through a simple hydrolysis of the
ester bonds into lactic and glycolic acid, which are excreted
by normal metabolic pathways [23]. Furthermore, PLGA
can be easily processed and their physical, mechanical,
chemical, and degradative properties can be engineered by
adjusting the ratio of the two co-monomers [24]. A simple
dipping technology was used to prepare PLGA coatings on
the magnesium alloy samples. We reported on their
mechanical properties, degradation, and in vitro cell
attachment behavior of the Mg—6Zn alloy.

Experimental procedure
Material preparation

Magnesium alloy samples with a nominal composition
of Mg—6 wt%Zn were prepared from high purity Mg
(>99.99 wt%) and high purity Zn (>99.999 wt%) ingots.
The ingots were melted at 750 °C under a protective cover
gas. The as-cast bars were solid solutionized at 350 °C for
2 h (water quenching). Subsequently, the bars were
extruded at 250 °C with an extrusion ratio of 8:1 (air
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cooling). Cylindrical tensile test samples (gauge length
35 mm, diameter 6 mm) were machined from the
as-extruded bars with tensile stress parallel to the extrusion
direction.

Immersion disk samples were sliced from the as-extru-
ded bars. Prior to dipping, each disk sample (11.3 mm
diameter) was ground up to 1200 grit, followed by ultra-
sonic cleaning in acetone and rinsing with ethanol and
distilled water. PLGA solution for dipping coating was
prepared by dissolving PLGA powder (average molecular
weight Mw = 140,000, co-polymer ratio = 90:10) in
chloroform solvent. The PLGA concentrations were 2 and
4 wt%. The sliced disk samples were then dipped and
pulled out. Coatings formed when the solvent evaporated
and PLGA solidified. The mass gains were recorded in
order to evaluate the coating thickness.

Microstructure characterization and mechanical tests

Microstructural observations were made for the as-extru-
ded and as-coated samples, using a Jeol JSM 6460 scan-
ning electron microscope (SEM, at an accelerating voltage
of 20 kV). Tensile tests were performed at room temper-
ature with a universal tensile testing machine at a constant
crosshead speed of 0.5 mm/min.

Electrochemical measurement

A three-electrode cell was used for electrochemical mea-
surements using a PARSTAT 2273 electrochemical system
(Princeton Applied Research, USA). Platinum was used as
the counter electrode while saturated calomel electrode
(SCE) as the reference. A working area of 1 cm? was
exposed to the electrolyte. Potentiodynamic polarization
curves were measured at a scan rate of 1 mV/s. The cor-
rosion properties were obtained from the potentiodynamic
polarization curves as per the ASTM standard G102. All
the measurements were made in a 0.9% NaCl solution at
37 £ 0.5 °C. The corrosion potential and current density is
calculated with the Parstat software package, based on
Tefel extrapolation. Electrochemical impedance spectros-
copy (EIS) analysis was also performed in a 0.9% NaCl
solution. The amplitude of the sinusoidal perturbing signal
was 5 mV, and the frequency varied from 100 kHz to
200 Hz for the coated samples and from 100 kHz to 0.1 Hz
for the bare alloy. Prior to the EIS measurements, the Mg
electrode was immersed in the electrolytic unit until a
steady open-circuit potential value was reached.

Immersion test

Immersion tests were carried out conforming to the ASTM
standard G31. Each sample was immersed in a 100 mL
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0.9% NaCl solution separately. The temperature of the
solution was controlled at 37 & 0.5 °C with a water bath.
After prescribed immersion times, the samples were rinsed
with distilled water, acetone, and a chromic acid (180 g/L
Cr,03) to remove the corrosion products and/or the residual
coating on the surface. The samples were then quickly
washed with distilled water and dried again, and the final
weight was recorded according to ASTM standards G1 and
F1635. The weight loss (R) was used to calculate the deg-
radation rate of the alloys by the formulaR = AW /(A x T),
where AW is the weight loss (mg), A is the exposed area of
the samples (cmz), and T is the exposure time (h).

Cell culture test

Disk samples with and without PLGA coatings were first
sterilized by ethylene oxide gas before being subjected to
cell culture. The mouse osteoblast-like cells MC3T3-E1
(Committee on Type Culture Collection of Chinese
Academy of Sciences) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco), supplemented with
10% fetal bovine serum (FBS) in a humidified incubator of
95% relative humidity and 5% CO, at 37 °C. At conflu-
ence, the cells were harvested, counted, and reseeded on
the surface of the Mg specimens. After the prescribed time
period (72 h in this study), the Mg substrates were rinsed
with phosphate-buffered saline (PBS) to remove any non-
adherent cells. The remaining cells seeded on the magne-
sium specimens were fixed in an immobilization solution
of 2.5% glutaraldehyde for 30-60 min at 4 °C. They were
then post-fixed in an osmium tetroxide solution (OsQy, 1%)
for 90-120 min at 4 °C. The cells were dehydrated through
sequential washings in 30, 50, 70, 90, 95, and 100 vol%
ethanol series. Specimens were then critical point dried and
sputtered with gold for SEM examination. The osteoblast
morphology and the adhesion location on the Mg substrates
of interest were examined using a FEI Test 0625 field-
emission SEM at an accelerating voltage of 20 kV.

Results
Microstructures and mechanical properties

Figure 1 presents the typical microstructures observed in
the as-extruded alloy, showing a uniform and fine grained
equiaxed microstructure (grain size about 30 um). Neither
bulky precipitates nor impurities were found. The chemical
analysis shows a low impurity level of all major impurities,
e.g., 38 ppm Fe and 5 ppm Ni (the impurity levels for other
elements such as Si, Cu, Al, and Mn has been reported in
Ref. [25]). Mechanical testing results [25] show that the
current Mg—6Zn alloy exhibits comparable yield strength
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Fig. 1 Optical micrographs showing the microstructures of as-
extruded Mg6Zn alloy

and Young’s modulus to other Mg alloys, e.g., Mg—Ca and
Mg-Mn—Zn [26, 27].

SEM images revealed a dense and continuous PLGA
coating on the Mg substrates (Fig. 2a, c¢). The estimated
coating thickness, from Fig. 2b, d, was 33 £5 and
72 £ 5 pm for dipping in 2 and 4% solutions, respectively.
This is confirmed from the measured weight increments of
these two samples, being 1.1 £ 0.1 and 2.8 £ 0.1 mg,
respectively. As expected, the coating did not affect the
mechanical properties of the Mg substrates.

Fig. 2 SEM images of the
PLGA coatings. a, b The
surface and cross section of the
2% PLGA sample and ¢, d the
surface and cross section of the
4% PLGA. The coatings were
made from the two different
PLGA concentrations in
chloroform therefore had
different thicknesses

Electrochemical potentiodynamic polarization curves

Figure 3 shows typical polarization curves of the two
Mg—6Zn alloy samples with different coating thicknesses in
the 0.9% NaCl solution. For comparison, the polarization
curve for the uncoated Mg6Zn alloy sample was also
included in Fig. 3. Generally, the cathodic polarization
curve represents the cathodic hydrogen evolution while the
anodic one represents the dissolution of Mg. Table 1 sum-
marizes the corrosion potential (E.,,;) and corrosion current
density (i.) obtained by Tafel extrapolation. The E.,
value of the Mg—6Zn is less negative than that of pure Mg
[28], indicating that Mg6Zn alloy is less susceptible to
corrosion. This is mainly because of the much lower
impurity level in the present alloy than in commercial pure
Mg (e.g. commercial pure Mg contains ~200-300 ppm Fe)
and also the Zn alloying effect. Furthermore, the E. val-
ues indicate that the two coated samples are slightly nobler
than the bare alloy, but the i.,,, values for these two coated
samples are much lower, as compared to the bare alloy by at
least two orders of magnitude. A breakdown potential (Epq)
appeared in the anodic branch of the polarization curve for
the 2% PLGA coating, indicating the destruction of the
protective films at the later stage of the experiment. The
value of E,q of —1.3 V here is higher than the reported Epq
of magnesium alloy in a similar solution (about —1.55 V)
[29]. The above results show that the PLGA coatings pro-
tect the Mg substrates.

15 449 SEI
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Fig. 3 Polarization curves of uncoated and coated Mg—6Zn samples
in 0.9% NaCl solution

Table 1 Corrosion potential and current density of the Mg6Zn alloy
samples with and without PLGA coating in 0.9% NaCl solution

Uncoated With 2% PLGA With 4% PLGA
Mg6Zn
Eeone (V) —1.46 —1.44 —1.36
feorr 26.5 0.085 0.097
(BA cm ™)
EIS

formation, while the low-frequency inductive loop relates
to relaxation process and also probably to pit formation. In
comparison, the EIS curves for the coated samples change
dramatically from a simple semicircle to a more complex
shape—a Warburg-like portion in the low-frequency
regime (Fig. 4a). Further, the Z. values are much higher
than the bare sample. This result is similar to that reported
for sand blasted mild steel coated with a 30 um thick layer
of fluoropolymer [31].

Immersion corrosion behavior

Figure 5 shows the weight loss of the Mg6Zn alloy samples
after different processes. Table 2 summarizes the average
degradation rates derived from Fig. 5. The initial degra-
dation rate (measured in the first 72 h) of ~0.06 mg/cm?®/h
for the bare sample is similar to that reported for AZ91 [16]
and Mg—1Ca [26] but slightly higher than LAE442 [7]. By
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Fig. 5 Weight loss in 0.9% NaCl solution of the Mg6Zn samples:

Figure 4 presents typical Nyquist diagrams of EIS for the
two coating samples (Fig. 4a) and the uncoated sample
(Fig. 4b) in the test solution. The bare sample (Fig. 4b)
shows a much lower Z. value compared to the coated
samples. It also shows a simple semicircle-like curve,
consisting of a capacitive loop in the high-frequency

uncoated, with 2% PLGA coating and 4% PLGA coating

Table 2 Average degradation rate of the Mg6Zn alloy samples after
72 h and 144 h of immersion test in 0.9% NaCl solution, in mg/cm*h

regime and a trail of inductive loop in the low-frequency ~ Degradation rate  Uncoated ~ With 2% PLGA ~ With 4% PLGA
regime. This observation is similar to that of AZ91 alloyin 75 0.063 244 % 1074 561 x 1074
1 M NaCl solution [30]. The high-frequency capacitive 144, 0.161 323 x 10~ 5.62 x 10~*
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contrast, the coated sample exhibited a significantly
reduced degradation rate, by at least two orders of mag-
nitude lower than the bare alloy.

Cell attachment

Figure 6 presents the FE-SEM images of the adhesion and
attachment of mouse osteoblast-like MC3T3-El on the
bare and coated samples. No obvious osteoblast cell
attachment was observed on the surface other than coral-
loid depositions (Fig. 6d—f), although we cannot exclude
the probability that some cells were buried in the large
number of depositions that make them indiscernible. In
contrast, clear osteoblasts spread can be observed on the
surface of the coated samples. After 1 day of incubation,

Fig. 6 FE-SEM micrographs of
cell morphology after different
culture times, a 1 day culture,
2% PLGA coating, b 2 days
culture, 2% PLGA coating,

¢ 3 days culture, 2% PLGA
coating, d 1 day culture,
uncoated, e 2 days culture,
uncoated and f 3 days culture,
uncoated

many osteoblasts adhered to the surface and displayed a
lamellirostral or elongated morphology without preferred
directions (Fig. 6a). After 2 days of incubation, fine and
long filopodia protrusions were clearly observed, display-
ing spindle-like morphology with digitations as shown in
Fig. 6b. Unlike the bare samples, osteoblast-like cells
MC3T3-El attached to the PLGA coated alloy formed a
cellular entity, which exhibited a flat morphology after
3 days of incubation (Fig. 6¢). It can be seen from Fig. 6¢
that a large number of cells were confluent and interacted
with each other completely. The confluence of osteoblast
cells led to the formation of dense cell coverage, envel-
oping the existing pits observed in Fig. 6b. The results
indicated that the cells on the coated samples spread
extensively and the interactions between the cells/substrate
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and the cell/cell, which are evidenced by the protrusions of
lamellipodia and filopodia. In summary, the PLGA coated
Mg alloy is more suitable for the cell adhesion and
attachment than the bare samples.

Discussion

Degradation behavior of magnesium alloys with PLGA
coating

The corrosion potential of the coated samples is elevated
slightly, while the corrosion current is reduced signifi-
cantly, as compared to the bare Mg samples. The
improvement of corrosion resistance with the PLGA
coatings is further confirmed by the immersion test, as
shown in Fig. 5. According to the chemisorption model
proposed by Yfantis et al. [32], the monomers—either
lactide or glycolide or both—stabilizes the structure of the
surface oxides and hence improves corrosion resistance.

An uncommon observation is made in this study: the 2%
PLGA coating (about 33 pum thick) performs better than
the 4% PLGA coating (about 72 pm thick). We speculate
that the thick coating has a poorer quality (e.g. more flaws
and voids) than the thin coating. The passivation region on
the polarization curves of the 2% PLGA coated sample
reveals the passivation behavior on the anodic branch.
However, no obvious passivation behavior was observed of
the polarization curves on the 4% PLGA coated sample
(Fig. 3). It is therefore suggested that the 2% PLGA (thin)
coating provides sufficient protection to the sample surface,
while the 4% PLGA (thick) coating cannot. The immersion
data (Fig. 5) and EIS curves further confirm this specula-
tion: the 2% coating sample shows a larger capacitive
semicircle in the high-frequency regime than the 4%
coating sample (Fig. 4). Further investigations on the
coating microstructures are under way.

Hanzi et al. [33] proposed a model to elucidate the
mechanism by which the oxidized coating retards the onset
of corrosion and changes the corrosion mode. This model
can be adapted here to explain the experimental observa-
tions. For a bare alloy (without the PLGA coating), cor-
rosion commonly follows a parabolic law over time since it
is a diffusion-controlled process (Fig. 7a). When a coating
is applied, the magnesium material obeys a sigmoidal
corrosion law (Fig. 7a). Initially, a very low degradation
rate is observed due to the protective effect of the coating,
which covers the whole surface of the samples (Fig. 7b).
The polarization and EIS curves (Figs. 3, 4) indicate the
formation of protective films at the early stage. When the
degradation process progresses, the protective layer starts
to break down. Once the breakdown occurs, the fresh
reactive surface exposed to the corrosion medium increases

@ Springer

(a)
]
=
% Barealloy
B r

Coated alloy

~
Immersion time
(b) coating (c)

A AN A AN

Mg alloy Mg alloy

Fig. 7 a Schematic degradation diagram showing the degradation
performance of the uncoated (bare) and the coated magnesium alloy;
b initial surface condition of the coated magnesium alloy, and
¢ penetrated polymeric coating upon degradation; after the onset of
coating breakdown, the reactive area exposed increases

(Fig. 7c) and degradation accelerates. The acceleration of
degradation can be supported from the presence of break-
down potential in Fig. 3. Afterwards, the deposition of the
corrosion products (self-passivation) in turn acts a barrier
to further degradation. The two competing processes—
breakdown of the protective layer and self-passivation—
persist until most of the protective coating is consumed.

Cell attachment

Cell adhesion, spreading, and migration on substrates are
the first sequential reactions when cells come into contact
with a material surface and therefore crucial for cell sur-
vivals. Cellular behavior and response to biomaterials is an
important factor for evaluation of the material’s biocom-
patibility [34]. The results observed in this study clearly
demonstrate that the osteoblast cells have been well spread
on the coated Mg samples. By contrast, no obvious cell
attachment was observed on the surface of uncoated
magnesium samples. Extensive spreading and attachment
of the osteoblast-like cells MC3T3-El illustrates that the
PLGA coatings have the ability of improving cell adhesion
and further improving the subsequent cellular reactions.

It should be pointed out that more extensive investiga-
tion needs to be undertaken with the aim of studying the
long term degradation behavior of the materials in vitro and
in vivo. Particularly, it is very important to investigate the
influence of the coating thickness on the biological per-
formance in order to optimize the dipping process. To be a
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practically useful coating, the coating itself should have a
sufficient hardness and also provide bonding with the
magnesium alloy substrates. Ideally, the coating should be
self-healing. It is also noted that with the application of a
polymeric coating, it is possible to integrate a drug delivery
unit into the coating, which releases some anti-inflamma-
tory medicine during the coatings’ degradation process.

Conclusions

In this study, we investigated the mechanical properties, in
vitro degradation, and cell attachment of a Mg—Zn based
magnesium alloy. The effect of PLGA coating was also
studied. The following conclusions can be drawn:

(1) The mechanical properties and degradation of the
developed Mg—6Zn magnesium alloy are comparable
to cast and wrought magnesium alloys.

(2) The PLGA coating significantly reduces the degra-
dation rate of the magnesium biomaterials, evidenced
by the immersion test, potentiodynamic analysis, and
EIS measurement.

(3) The coated magnesium alloy samples show signifi-
cantly enhanced ability of cell attachment compared
to the bare magnesium.
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