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AZ31 magnesium alloy fibers reinforced poly(lactic-co-glycolic acid) (PLGA) composites were prepared and their
mechanical property, immersion corrosion behavior and biocompatibility were studied. The tensile test showed
that with the addition of AZ31 fibers, the composites had a significant increment in tensile strength and
elongation. For the direct cell attachment test, all the cells showed a healthy morphology and spread well on
the experimental sample surfaces. The immersion results indicated that pH values of the immersion medium
increased with increasing AZ31 fiber contents. All the in vitro experimental results indicated that this
new kind of magnesium alloy fibers reinforced PLGA composites show a potential for future biomedical
applications.
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1. Introduction

As one of the essential metabolism metal elements, magnesium
exhibits close mechanical properties to human bone and good
biocompatibility. The degradation property in human body fluid
makes it one of the most outstanding degradable candidate mate-
rials for bone replacing occasions[1e8]. In recent years,magnesium
and its alloys have attracted great attentions as potential bio-
materials, and have been widely studied[9e13]. Nevertheless, the
low formability due to their hcp structure makes it difficult to
prepare the Mg and its alloys into wires[14]. Thus, researches on
Mg wires were only reported in limited papers[15,16]. The attempts
of using Mg or Mg alloy wires as reinforcements in composite
materials have never been reported to our knowledge.
Poly(lactic-co-glycolic acid) (PLGA) is the copolymer of poly

lactic (PLA) and poly glycolic acid (PGA). It possesses good
biocompatibility and biodegradability[17e22]. However, the hy-
drophobicity of PLGA can reduce the protein adsorption and cell
adhesion when it is employed in tissue engineering[23]. What’s
more, as the inherent disadvantages of polymer, the mechanical
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properties such as strength, toughness, and elastic modulus are
lower than those of natural bone. It cannot provide sufficient
support during the bone healing procedure when it is applied in
bone implant applications, thus the mechanical properties of
PLGA need to be improved[24]. During the past years, ceramics
such as hydroxyapatite (HA)[25], polymers such as collagen[23,26]

were used as reinforcements to fabricate PLGA-based compos-
ites. In the present study, AZ31 magnesium alloy fibers were
added into PLGA matrix as the reinforcement to fabricate
composites, aiming to enhance the mechanical properties by fi-
ber reinforcement mechanism and adjust the local pH values by
the degradation of AZ31 alloy fiber simultaneously.

2. Materials and Method

Hot drawn AZ31 magnesium alloy wires were received from
Harbin Institute of Technology with a diameter of 0.1 mm and a
length of 10 m. PLGA (75:25, MW 10,000 Da, Tg 45e55 �C, IV
0.7 dl/g) was purchased from JinanDaigangBiomaterial Co., Ltd
(Jinan, China). Prior to the experiment, both the AZ31 alloy
wires and PLGAwere soaked in 1mol/l NaOH solution for about
10 min at room temperature and dried in air to improve the
bioactivity[27]. Subsequently, the wires were cut into short fibers
with a length of 2.5 � 0.5 mm. In order to get uniform AZ31
fibers reinforced biocomposites, 2 g PLGA was dissolved in
dichloromethane with a ratio of 10:1 (v/w)[28]. After the PLGA
was completely dissolved in the dichloromethane, the AZ31
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alloy fibers were added into the solution in amount of 2 and
4 wt%, respectively, while pure PLGAwas used as control. The
mixture was stirred continuously for about 30 min. After solvent
evaporation at the room temperature, the dispersion was cast into
a polytetrafluoroethylene (PTFE) mould. The samples were then
dried in air under the fume hood for about 4 h to remove any
remaining solvent. The coarse biocomposite sheet samples were
pre-heated at 130 �C for about 10 min and then mold-pressed
using a hydraulic machine for about 10 min under the pressure
of 10 MPa to get a more smooth surface and uniform geometric
size. Then the mold-pressed samples were cut into square sam-
ples (10 mm � 10 mm � 1 mm) for immersion and biocompat-
ibility tests, and rectangular samples (20 mm � 2 mm � 1 mm)
for tensile test. All the samples were mechanically polished up to
2000 grit, ultrasonically cleaned in acetone, absolute ethanol and
distilled water, and then dried in air. For biocompatibility tests,
samples were sterilized in 75% ethanol solution for 4 h.

2.1. Immersion test

The immersion test was carried out in Hank’s solution.
Experimental samples were immersed in 50 ml solutions and the
temperature was kept at 37 �C by a water bath. During the im-
mersion period, the pH values of the solutions were measured
every 24 h by using the F-50C pH meter with a resolution of
0.01 (Yiyuan Electronic Devices, Beijing). For each group, an
average of three measurements was taken. After different im-
mersion times, the samples were removed from Hank’s solution,
gently washed with distilled water, and dried in air. Morphol-
ogies of the experimental samples after immersion were char-
acterized by field emission scanning electron microscopy
(FESEM, HITACHI S-4800) after Au sputtering.

2.2. Tensile test

The tensile tests were carried out by using an Instron-5969
universal testing machine at a constant crosshead speed of
Fig. 1 Image of the PLGA samples (0D) and surface morphologies af
0.5 mm/min at room temperature according to ASTM-E8-04. An
average of three measurements was taken for each group. Data
were expressed as mean � standard deviation (SD) and analyzed
statistically by analysis of variance (ANOVA) method. P-values
below 0.05 were regarded as statistically significant.

2.3. Biocompatibility test

Murine osteoblastic cell line (MC3T3-E1) was used to eval-
uate the biocompatibility of the composites in vitro. The MC3T3
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 U ml�1

penicillin and 100 mg ml�1 streptomycin at 37 �C in a humidified
atmosphere of 5% CO2 incubator. The biocompatibility test was
carried out by direct contact assay. After sterilization, cells of a
density of 5 � 104 ml�1 were seeded directly on the surface of
experimental samples in the 24-well plate. After 1, 3, 5 days, the
samples were rinsed with PBS for three times and then fixed by
2.5% (v/v) glutaraldehyde solution for about 2 h at room tem-
perature. After the fixing procedure, the samples were then
dehydrated in a gradient ethanol/distilled water mixture (50%,
60%, 70%, 80%, 90%, 95% and 100%) for 10 min each and
dried in air. Cellular attachment, spread and cell morphologies
were studied by FESEM after Au sputtering. For each experi-
mental composite, three samples were tested.

3. Results and Discussion
3.1. Immersion

Figs. 1e3 describe the scanning electron microscopy (SEM)
images of pure PLGA and AZ31 magnesium alloy fibers rein-
forced PLGA composites after immersion for 1, 4 and 7 days in
Hank’s solution. It can be seen that the surface of PLGA is
smooth with some white particles on the surface, and the parti-
cles may be the precipitation of calcium phosphate since the pH
ter immersion in Hank’s solution for 1 (1D), 4 (4D), 7 (7D) days.



Fig. 2 Image of the PLGA þ 2 wt% AZ31 fiber samples (0D) and surface morphologies after immersion in Hank’s solution for 1 (1D), 4 (4D), 7 (7D)
days (with morphologies of AZ31 magnesium fibers in the insets).
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value changes during the immersion period. Even after 7 days
immersion, cracks can hardly be seen on the surface (as seen in
Fig. 1). While for the AZ31 magnesium alloy fiber reinforced
PLGA samples, as shown in Fig. 2, corrosion occurs at the
exposed fibers after 1 day. Along with the degradation of AZ31
magnesium alloy fibers, a layer of corrosion products is formed
Fig. 3 Image of the PLGA þ 4 wt% AZ31 fiber samples (0D) and surface m
(7D) days (with morphologies of AZ31 magnesium fibers in the inse
on the sample surface. It is obvious that the degradation of AZ31
magnesium alloy fibers has a significant influence on the
degradation of PLGA. The PLGA matrix near the AZ31 mag-
nesium alloy fibers is subjected to a faster corrosion process and
even some cracks can be seen. The AZ31 magnesium alloy fibers
which have been enwrapped with PLGA can still keep their
orphologies of after immersion in Hank’s solution for 1 (1D), 4 (4D), 7
ts).



Fig. 4 pH value changes with the immersion time in Hank’s solution.

Fig. 5 Typical tensile stressestrain curves of the experimental
materials.
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integrity after 4 days. After 7 days, cracks form on the experi-
mental samples with 4 wt% AZ31 magnesium alloy fibers (see
Fig. 3). It seems that with increasing AZ31 magnesium alloy
fibers contents, both the AZ31 magnesium alloy fibers exposed
to the medium and PLGA matrix exhibit a faster corrosion rate.
Fig. 6 Morphologies of MG3T3 cells cultured on experimen
The PLGA matrix can protect the inner AZ31 magnesium fibers
from fast corrosion.
The pH value change during the immersion period is shown in

Fig. 4. In the first day, the pH value increases to a higher value
about 8. As the immersion time increases, the solution encoun-
ters a slight change on pH value. Compared with blank Hank’s
solution group, the degradation of PLGA alone can decrease the
pH values of the solution. But with the addition of AZ31 mag-
nesium alloy fibers into PLGA matrix, the pH value increases
with increasing AZ31 magnesium alloy fiber content in the
composites, since more OHe ions are released into the immer-
sion solution by the degradation of AZ31 alloy fibers. The
composites with 2 wt% AZ31 magnesium fibers exhibit a closer
pH value as compared with body fluid. Since the composites
with 4 wt% AZ31 alloy fibers reach a pH value of about 9.5 after
7 days immersion, it may not be suitable for implant
applications.

3.2. Tensile properties

The typical stressestrain curves of the experimental samples
are depicted in Fig. 5. The ultimate tensile strength (UTS) and
elongation of pure PLGA are 13.11 � 0.14 MPa and
4.4% � 0.1%, respectively. After 2 wt% AZ31 magnesium alloy
fiber is added, the UTS and elongation of the resulting bio-
composite are improved to be 18.10 � 0.16 MPa and
24.0% � 0.1%, respectively. For the biocomposite samples
which contain 4 wt% AZ31 magnesium alloy fiber, the UTS and
elongation are 32.25 � 0.13 MPa and 22.6% � 0.1%, respec-
tively. As shown in Fig. 5, the UTS and elongation of the
composites tend to have a significant (P < 0.05) increase when
the AZ31 fibers increase from 0 to 4 wt %. The increase in
strength of the composites may be attributed to the interfacial
bonding between the PLGA matrix and the AZ31 fibers. It can
transfer the load from the matrix to AZ31 fibers. The large
friction coefficient between the PLGA matrix and AZ31 fibers
tal samples surface for 1 (1D), 3 (3D) and 5 (5D) days.



Fig. 7 Illustration of the degradation procedure of the composites.
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after hot pressing may also be a factor for the increase of the
mechanical properties.

3.3. Biocompatibility

Fig. 6 presents the cell morphology of MC3T3 cells cultured
on sample surface for 1, 3 and 5 days. During the first day, all the
cells shrink or wrinkle due to the poor cell adherence ability of
the PLGA. With increasing incubation time, cells stretch and
spread over the samples. It can be seen that the cells on the
samples with AZ31 alloy fibers display more flattened mor-
phologies than the pure PLGA samples. What’s more, more in-
teractions between the cells can also be seen. The cells may
benefit from the degradation products of the fibers in the com-
posites, suggesting that the AZ31 alloy fibers may improve the
biocompatibility of the composites.

3.4. Discussion

Fig. 7 depicts the degradation procedure of the composites.
The degradation of polymers results in Hþ ions release into the
solution, and the degradation of magnesium and its alloys may
release OH� ions. In Hank’s corrosion medium, the OH� ions
released from AZ31 fibers can react with the Hþ, and the
consumption of the Hþ ions then accelerate the degradation
rate of PLGA matrix[29]. It can be easily concluded that, with
more AZ31 fiber in the matrix, the more OH� may be released
to the medium, resulting in a faster corrosion rate of the PLGA
matrix, and even cracks can be seen on the surface of com-
posites with 4 wt% AZ31 fibers after 7 days immersion. In
correspondence with the PLGA, AZ31 fibers exposed to the
medium can react with the released Hþ ions, thus, some
corrosion products deposit on the sample surface. The corro-
sion products are mainly composed of calcium phosphate salts.
These inorganic mineral salts can increase the hydrophilic
properties of the composites, which makes it easier for the
cells to attach on.
The properties of PLGA such as corrosion behavior can be

adjusted by the ratio of PLA and PGA[30e32]. By adding the
AZ31 fibers into the PLGA matrix, both the UTS and elongation
have a significant increase as compared with pure PLGA.
Therefore, it provides a promising alternative for preparing
composites to meet different clinical requirements. In this study,
all the results show that the AZ31 magnesium alloy fiber rein-
forced PLGA composites have a promising potential for the
future biomedical applications.

4. Conclusions

(1) With the addition of AZ31 magnesium alloy fibers into
PLGA, the acid degradation products of PLGA can be
neutralized by the alkaline corrosion products of AZ31
magnesium alloy fibers.

(2) The AZ31 magnesium alloy fibers in the PLGA matrix can
effectively improve the tensile strength as well as
elongation of the composites.

(3) In vitro biocompatibility tests indicate that the composites
have a good compatibility with the MC3T3 cells, and the
AZ31 magnesium alloy fibers can improve the adherence
and proliferation of MC3T3 cells on PLGA matrix.
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