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In the present research porous Mg-Zn scaffolds with different Zn
amount and porosities were synthesized by powder metallurgy
process as potential degradable materials for orthopedic
applications. The microstructures, composition, mechanical
properties and in vitro biodegradability of the scaffolds were
investigated. Optic microscopy (OM) images showed that the Mg-
Zn scaffolds exhibit homogeneously distributed and interconnected
pores with the size of about 150-400 um. The X-ray diffractometer
(XRD) results indicated the formed intermetallics consist of
Mg12Zn13 and Mg51Zn20 in the Mg matrix. Compressive tests
showed that decrease of porosity and the addition of Zn increases the
compressive strength of specimens. Electrochemical tests indicated
that with increase of porosity, the corrosion current density of
scaffolds increased and Mg-Zn scaffolds synthesized improved the
in vitro biodegradability property of the Mg; the best
biodegradability property was obtained with 3% Zn and the porosity
of about 7% ; further increase of Zn content up 4% deteriorates
biodegradability. It is found that the products of immersion in
simulated body fluid (SBF) are identified to be HAP,
(Ca,MQ)3(P0O4)2 and Mg(OH).and MG63 cells adhere and proliferate
on the surface of the scaffolds, making them a promising choice for
orthopedic application.

1-Introduction

replacement of biological tissues via

Significant amount of research efforts have been
dedicated to the development of scaffolds for
tissue engineering [1]. An ideal bone tissue
engineering scaffold must be biocompatible,
osteoconductive, and biodegradable, with a high
mechanical strength to fulfil the necessary load-
bearing functions. Also, it must have
interconnected porous networks allowing cell
migration, vascularization and nutrient delivery.
[1-3]. A bioactive scaffold promotes cell-
biomaterial interactions, cell proliferation,
adhesion growth, migration, and differentiation.
A biodegradable scaffold allows the
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physiological extracellular components without
leaving toxic degradation products. Its
degradation rate should match the rate of new
tissue regeneration in order to maintain the
structural integrity and to provide a smooth
transition of the load transfer from the scaffold
to the tissue [3]. The trade-off between the
mechanical strength and the porosity is one of
the main challenges in designing tissue
engineered bone scaffolds. A scaffold must
possess sufficient mechanical strength to
withstand both the mechanical forces at the
scaffold-tissue interface and the implantation
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procedure [1, 3]. The major challenge is to
achieve sufficient initial strength and stiffness
and to maintain them during the stage of healing
and the scaffold degradation [2-6].

Among the metal implants, Mg and a number of
its alloys are effective because of 1) their
mechanical properties, which are close to those
of human bone, 2) their natural ionic content that
has important functional roles in physiological
systems, and 3) in vivo biodegradation
characteristics in body fluids. Some physical
properties of Mg alloys, such as high specific
strength and elastic modulus, are closer to those
of natural human bone compared to other
traditional metal implants; therefore Mg-alloys
are potential candidates for biodegradable
implants [6-11]. However, their exceedingly
high corrosion rates in physiological conditions
is the problem with some Mg alloys, which
makes their biodegradability to be faster than the
time required to heal the bone and the low
corrosion  resistance  in  physiological
environments can have an adverse effect on the
mechanical stability of the implant prior to bone
healing [11, 12]. For this reason it is important
to decrease the degradation rate of Mg alloys
using different technigues such as alloying,
purification, surface coating [12- 14].

Elements alloying, as an effective approach to
improve the mechanical properties and
corrosion resistance, has been studied to develop
biodegradable Mg alloys [15]. Zn is selected as
the alloying element to achieve the good
biocompatibility [15, 16] and Zn is necessary
microelement and component of human body.
Zn can accelerate the metabolism of cells. The
addition of Zn to Mg improves both the
corrosion resistance and the mechanical
properties of magnesium alloys [15- 17]. The
novelty of present study is to produce porous Mg
scaffolds containing useful element of Zn
without harmful elements such as Ni and Al and
the way in which the biodegradability and
Mechanical Properties of the Mg scaffolds may
be improved. In the present work, porous Mg—
Zn scaffolds containing different zinc amounts
(1,2, 3and 4 wt. %) have been synthesized using
a powder metallurgy process and then
microstructures, composition, mechanical and in
vitro corrosion properties of the scaffolds are
investigated.

2- Experimental Procedure

2-1- Synthesis of scaffold

Pure Mg (purity >99%, particle size <100um)
and pure Zn (particle size <45um, purity
>99.8%) powders were utilized as starting
materials. Urea particles with a purity of 99.9%
were used as the space-holder. The particle size
of the spacer agent material was in the range of
200-400um. The mixtures of magnesium and
zinc powder were prepared based on 1, 2, 3 and
4 wt. % zinc, while the urea particles were
thoroughly added to the above specimens with
variable volume contents of 0, 5, 15 and 25%.
After weighing magnesium, zinc and urea
powders according to the stoichiometric
composition, the powders were mixed into glass
containers and then mixed with mechanical
milling machine for 2 hours. After mixing the
starting materials with the space-holder
particles, porous Mg-Zny (x= 1, 2, 3 and 4 wt.
%) samples were prepared via a powder
metallurgy method. Details of the fabricated
samples are listed in Table 1.

Table 1. Details of the fabricated samples

Sample )wt.%( Zn )vol.%(Urea
Aq 1 0
Az 1 5
As 1 15
Ay 1 25
B 2 0
B, 2 5
Bs 2 15
B4 2 25
C1 3 0
C 3 5
Cs 3 15
Cs 3 25
D 4 0
D, 4 5
Ds 4 15

D, 4 25
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The mixed powder was uniaxially pressed at a
pressure of 200MPa into green compacts 10 mm
in diameter and 10 mm in length. The green
compacts were then heat treated to burn out the
spacer particles, and to sinter into the porous Mg
Scaffolds in a tube furnace under an argon
atmosphere. The heat-treatment process consists
of two steps, i.e. at 250°C for 4h and 550°C for
2h.

2-2- Characterization

Chemical composition of the specimens was
performed by XRD (Philips 1800PW,
Netherland) with Cu Ka radiation. Morphology
and element composition of the samples were
identified by scanning electron microscopy
(SEM: Tscan-Vega, China) equipped with
energy dispersion spectroscopy facility.

The compressive strength of the composite
scaffolds was measured using compression
testing of samples with dimensions of d10 mm
x 15 mm. The tests were performed with a
SANTAM (STM-20, Iran) testing machine at
room temperature and a rate of 0.3mm/s. Each
result was taken as the mean value of testing on
five samples. Pore sizes and morphologies of the
porous magnesium specimens were observed
using OM. Total porosity (IT) of the porous
specimens was measured using gravimetry
according to the following equation [18]:

TI=(1-p/ps)x100% 1)

where ps is the density of the magnesium-zinc
specimen evaluated via the immersion method
and p is the apparent density of the porous
magnesium-zinc specimen, which can be
measured by the weight-to-volume ratio of the
porous specimen.

2-3- Electrochemical measurement

The potentiodynamic polarization curves were
obtained using a potentiostat
(Autolab/PGSTAT302N) at a constant voltage
scan rate of 5mv.s’. Experiments were carried
out in SBF at 37°C. A three-electrode cell with
the samples as the working electrodes was used
for the electrochemical measurements. The
reference electrode was an Ag-AgCl electrode
and the counter electrode was made of platinum.
The area of the working electrode exposed to the
solution was 0.85cm?. The composition and

preparation procedure of SBF were as reported
in Ref. [19]. The solution was buffered at pH of
7.4 using tris-hydroxymethyl aminomethane
((HOCH_2)sCNHy>) and HCI at 37°C. Each result
was taken as the mean value of testing on five
samples. The corrosion rate (Pi) of samples
obtained from the corrosion current density (icor)
was measured according to the following
equation:

Pi=22.85icorr )

2-4- Immersion testing

The immersion testing was carried out in the
SBF solution. The pH value of SBF was adjusted
to 7.4 with HCI and (HOCH,)sCNH; solutions,
and the temperature was kept at 37 °C using
water bath. After different immersion periods,
the specimens were removed from SBF, rinsed
gently with distilled water and dried at 60 °C by
drying apparatus. The composition change of
the scaffolds after immersion tests was
characterized by XRD. An average of three
measurements was used for evaluating the pH
value of solutions.

2-5- Direct cell adhesion experiment

200 pL cell suspension was seeded onto the as-
synthesized, as-deposited and post-treated
porous Mg—27n scaffolds as well as the control
sample at a cell density of 5x104 cell.mL™. After
8 h culture in a humidified atmosphere with 5%
CO? at 37 °C in 96-well plates, the parallel
samples were fixed in 2.5% glutaraldehyde
solution for 2 h at room temperature and rinsed
3 times with phosphate buffer solution (PBS,
pH=7.4), followed by dehydration in a gradient
ethanol/ distilled water mixture (50%, 60%,
70%, 80%, 90%, 100%) for 10 min each and
dried in  hexamethyldisilazane  (HMDS)
solution. The surface of cell adhered
experimental samples was observed by SEM.

3- Results and Discussion

Density and total porosity (IT) of the porous
specimens measured using Eq. (1) are listed in
Table 2. It is observed that with increasing
porosity, the density of samples is reduced.
Figure 1 shows the optical micrographs of the
B1, Bz, B3 and B. sintered specimens. It is clear
that the pore sizes of the Bi, By, Bz and Ba
specimens are smaller than 100 um, smaller than
200 pm, 100-300 pm and 200-400 pm,
respectively.
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Fig. 1. Optical micrographs of the (a) B4, (b) B2, (c) Bsand (d) Basintered specimens

Table 2. Density, total porosity and compressive strength of the sintered samples

Synthesized

The compressive

scaffold Density(g/cm) Porosity (%) strength (MPa)
A 1.62 7 93
B1 1.62 8 100
Ci 1.65 7 108
D, 1.64 8 109
Az 1.52 13 66
B> 1.56 12 64
C. 1.59 11 70
D> 1.57 12 72
As 1.35 23 26
B3 1.36 22 29
Cs 14 21 30
Ds 1.39 22 32
A4 1.17 33 13
B4 1.17 34 15
Cs 1.2 32 18
DX 121 32 19
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Fig. 2. SEM micrographs of the (a) A1, (b) B4, (c) C1and (d) D sintered samples.

ey
Fig. 3. SEM image (a) and elemental mapping images (b,c) of A; sample
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It is expected that reaction (3) will occur at about
410 °C. As the sintering temperature increases
to about 530 °C, liquid-Zn in the product reacts
with Mg to form the molten Mg-Zn alloy [20].
Figure 5 shows the microstructure of the A, and
D, sintered scaffolds. As observed, in the SEM
micrograph of D there are three phases. The
black, bright and white regions belong to
porosity, Mg matrix and Mg-Zn intermetallics.
Also, SEM image of A did not show the
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presence of Mg-Zn intermetallics in the scaffold
containing 1 wt. % Zn. Zn element mainly
resolves in primary magnesium when Zn content
is 1%—2%, which can improve the compressive
strength of the scaffold by solid-solution
strengthening. When Zn content is 3%, many
Mg-Zn intermetallics will precipitate from
matrix, which enhances the strength by a
dispersion strengthening mechanism [17].

Fig. 4. The XRD patterns of the synthesized scaffolds containing different Zn amounts: (a) Az, (b)
B>, (¢) Cz and (d) D, wt. %
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Fig. 5. SEM micrographs of the (a) D2, and (b) A sintered samples

Figure 6 shows the electrochemical polarization
curves of Az, Bi, Cyand D; sintered scaffolds.
Table 3 lists the characteristic parameters
obtained from Figure6. The addition of Zn into
Mg-Zn scaffolds can obviously move the
corrosion potential and the pitting potential to be
nobler, indicating that the Zn element can
improve the stability of the passivation film and
the corrosion resistance. The best corrosion
resistance is obtained at 3% Zn. When Zn
content exceeds 3% the anti-corrosion property
decreases. The change of the pitting potential in
Table 4 shows that adding Zn can move the
pitting potential to a nobler value to some extent.
It was reported that the addition of Zn in

magnesium alloy could benefit the formation of
a compact passive film [17]. The enrichment of
Zn on the surface film can protect the
magnesium scaffold from further corrosion. By
comparing the Mg-4wt. % Zn scaffold with
composite scaffold containing 3 wt. % Zn, the
corrosion property is decreased. The probable
reason might be that the volume fraction of Mg-
Zn phases is higher in Mg-4wt. % Zn scaffold
than that in Mg-3wt. % Zn scaffold. When Zn
content is up to 3%, many Mgl2Znl13 and
Mg51Zn20 phases precipitate from matrix, and
act as cathode in the corrosion process, which
accelerates the corrosion and reduces the anti-
corrosion properties of magnesium.
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Fig. 6. Electrochemical polarization curves of the Mg-Zn scaffolds containing different Zn amounts
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Table 3. Electrochemical parameters of the scaffolds obtained from the polarization curves.

sample Ecorr (V) icorr (A/CM?) Pi (A/cm2)
Pure magnesium -1.64 10.02x10°3 228.957x1073
A1 -1.44 2.206x10°3 50.407x1073
B -1.429 1.246x10°° 28.471x1073
C: -1.453 1.683x10°3 38.456x1073
D -1.554 7.562x10°3 172.792x10°®
C: -1.464 1.978x10°3 45.197x107
Cs -1.475 3.825x10° 87.401x107°
Cs -1.501 4.649x10°3 106.23x1073
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Fig. 7. Electrochemical polarization curves of the Mg-Zn scaffolds containing different porosities.

Figure 7 shows the electrochemical polarization
curves of Cy, Cy, Csand Cs sintered scaffolds. It
can be seen the scaffolds that have more
porosity, are degraded faster. Because the
specimens with more porosity have more
connecting areas and better condition for
transport of the solution, which accelerate the
rate of the chemical reactions.

Figure 8 shows the variations of pH value of By,
B>, Bz and B4 sintered scaffolds in SBF solutions
during immersions. It can be seen that the pH
values of the solutions immersing all of the
porous Mg—Z7n specimens tend to increase in the
first 9 d, decrease from 9 to 12 d and then keep
at a stable pH value of about 9.65. Mg—Zn
scaffolds with less porosity exhibit lower change
of pH value and degradation rate in body
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environment. Mg is converted to Mg?" ions
during the degradation process. At the same
time, the OH™ ions are released, which causes
the pH value of the solutions to increase quickly
at early immersion stage. The decrease of pH
value from 9 to 12 d should be attributed to
formation of the deposited layer containing Ca
and P. Actually, the pH value of the solutions
will keep at stable level when the balance of the
formation and dissolution of the deposit is
established after about 12 d.

10.5

The formed phases on the surface of C; scaffold
was characterized after the sample was corroded
in SBF for 21 d, as shown in Figure 9. The XRD
result confirms that the phases are HAP,
(Ca,Mg)3(PO4). and Mg(OH),. It can be seen
that the formed phase is mainly Mg(OH),. The
Mg(OH), peak appears at 26 of 37.5°, indicating
the formation of an alkalized layer. The ions in
the SBF solution penetrate the scaffold, leading
to further degradation. Ca?* and (PQ4)* ions
near the surface react with OH" ions caused from
Mg corrosion and form HAP.
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Fig. 8. Change of pH values of SBF solution incubating the Mg-Zn scaffolds containing different
porosities during 21 days’ immersion.
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Fig. 9. XRD patterns of the surface of C, scaffold after immersion in SBF for 21 d.

A series of studies have demonstrated the
interactions between Mg?* and HAP. For
instance, there is a critical amount for Mg?*-
doped HAP and a higher doping amount will
cause the phase transition of HAP [21]. Since

Mg?*-incorporated HAP is thermodynamically
unstable, the locally accumulated Mg* may
accelerate the decomposition of calcium-
deficient hydroxyapatite (Ca-def HAP) by the
following reactions: Ca-def
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HAP—(Ca,Mg)3(PO4)2 or amorphous Ca—P
salts (under high Mg?* concentration). It was
reported that this calcium magnesium phosphate
salt had similar chemical composition to natural
bone, which showed good bioactivity and
osteoconductivity [22, 23]. MENG et al [22]
also reported that osteoconductive minerals
containing Ca and P could quickly form on the
coatings and remain intact for a period of time
which was beneficial to increasing the chances
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for the formation of an osteointegrated interface
after implantation.

Figure 10 shows the morphologies of MG63
cells cultured on the surface of C, scaffold for 8
h. Some cells with round shape are observed on
the surface after culture for 8 h. Also, it is noted
that the microcracks can be seen on surface after
culture. In the case of the direct assay, the
present study indicates well adhered cells on the
surface of scaffold.
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Fig. 10. Morphologies of MG63 cells cultured on the surface of C; scaffold for 8 h.

4- Conclusions

Mg-Zn scaffolds with different Zn amount and
porosities were successfully fabricated by
powder metallurgy process for orthopedic
applications. According to results, the Mg-Zn
scaffolds exhibit interconnected pores with the
approximate size of 150-400 pum. Mechanical
properties of porous specimens  were
investigated by compressive tests focusing on
the effects of the Zn and porosity on the strength.
The results indicate that the compressive
strength of the porous Mg-Zn scaffolds
improves with a reduction in volume fraction of
porosities and increasing the amount of Zn.
Electrochemical tests showed that compared to
the pure Mg, Mg-Zn scaffolds synthesized have
more appropriate in vitro biodegradability
properties; the corrosion current density of
scaffolds increased with increase of porosity,
and the best biodegradability property was

obtained with the porosity of about 7% and 3%
Zn. Also, the results showed that the products of
immersion in SBF are recognized, to be
Mg(OH),, (Ca,Mg)3(POa4), and HAP and MG63
cells adhere and proliferate on the surface of the
scaffolds, making them a promising selection
for orthopedic applications.
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