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KEYWORDS Abstract The aim of this study was to fabricate and evaluate magnesium-zinc-graphene oxide
Bone tissue engineering; nanocomposite scaffolds for bone tissue engineering. For this reason, Mg-6Zn, Mg-6Zn-1GO,
Magnesium; and Mg-6Zn-2GO scaffolds were fabricated by the powder metallurgy method. The porosity level
Zinc; and also the pore size of the scaffolds were evaluated by SEM which varied from 40 to 46% and 200
Graphene oxide; to 500 pum, respectively. The chemical composition and microstructure of the scaffolds were char-
Composite scaffold; acterized by XRD and SEM equipped with EDS; the presence of Mg, Zn, C, and O elements in
Powder metallurgy the structure of the scaffolds was shown. Also, the elemental map confirmed the existence of mag-

nesium, zinc, carbon, and oxygen in the structure of the scaffold. The mechanical properties of the
scaffolds were investigated by the compression test; the results showed that by the addition of gra-
phene oxide to the structure, the compressive strength of the samples increased from 5 to 8 MPa.
Electrochemical corrosion polarization tests were conducted to evaluate the corrosion resistance of
the samples immersed in simulated body fluid (SBF). Furthermore, the biodegradability of the scaf-
folds was determined by immersion of the samples in phosphate-buffered saline (PBS). The results
demonstrated that the polarization resistance value and the corrosion rate for different formula-
tions including Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO were 41.58, 35.48, and 55.40 Q.cm? fol-
lowed by 10.60, 14.83, and 9.06 mm.year’l, respectively. Based on the results, the Mg-6Zn-2GO
formulation presented the best corrosion resistance among the samples were investigated, which
confirmed the results of the immersion test. Moreover, the MTT assay proved that the extract of
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Mg-6Zn-2GO scaffolds was not cytotoxic in contact with L-929 cells which validated the studied
scaffolds for bone tissue applications.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nearly, one million cases of skeletal injuries are annually reported that
require bone grafts for treatment (Salgado et al., 2004). Treatment of
large bone defects is one of the major challenges in orthopedic surgery;
therefore, the effort to find an appropriate material to replace the bone
continues in earnest (Li et al., 2018). Bone tissue engineering, as an
important subset of tissue engineering, seems to be a suitable solution
to this purpose (Kingsley et al., 2013). Nowadays, the materials used to
fabricate bone tissue engineering scaffolds and orthopedic devices are
mainly bioactive ceramics (Qin et al., 2021), natural and synthetic
polymers, and also composites of polymers and ceramics as bulk or
coatings (Li et al., 2021; Angili et al., 2023). Despite the advantages
of mentioned materials, some of their features can be assumed as a lim-
itation in bone tissue applications. As an example, polymers have
demonstrated very low elastic modulus and compressive strength,
while ceramics are very brittle. Besides, metals display good mechani-
cal properties for load-bearing applications such as hard bone tissue
(Seyedraoufi and Mirdamadi, 2015). Among all, magnesium (Mg) scaf-
folds have been introduced as an appropriate option for bone tissue
regeneration in many studies (Toghyani and Khodaei, 2018). Suitable
biodegradability, acceptable mechanical properties, and desired bio-
compatibility are considered advantages of magnesium implants
(Seyedraoufi and Mirdamadi, 2015). They are also lightweight, have
a high strength-to-weight ratio (specific strength), and have other
appropriate properties such as the low elastic modulus that minimizes
the stress-shielding phenomenon. Magnesium ion (Mg®"), the fourth
most abundant cation in the human body, is mostly stored in the
bones. This ion is vital for metabolic processes and acts as a cofactor.
Importantly, the products caused by magnesium degradation are not
only harmful to the human body but have positive effects on it as well
(Toghyani and Khodaei, 2018).

Despite all the mentioned advantages, magnesium is highly reactive
and rapidly degraded in contact with biological fluids and loses its
mechanical integrity. In addition, when magnesium comes into contact
with aqueous solutions, an oxidation reaction occurs on its surface,
which leads to the formation of hydrogen gas. Inflammation caused
by the release of hydrogen can link to problems and disorders. Over
and above that, changes in the pH of the environment due to dissolu-
tion can also have adverse effects on cell viability (Dorozhkin, 2014; Li
et al., 2014). One of the proposed solutions to overcome the disadvan-
tages of magnesium is alloying (Seyedraoufi and Mirdamadi, 2013; Liu
et al., 2020; Tan and Ramakrishna, 2021). The results of several studies
have shown zinc (Zn) is one of the suitable elements that can be alloyed
with magnesium (Wei et al., 2019; Saravanan et al., 2021; He et al.,
2018); Alloying magnesium with Zn improves its corrosion resistance
and mechanical properties. In addition, Zn is an essential element
for the human body and its released products do not cause any serious
problems (Seyedraoufi and Mirdamadi, 2013; Sezer et al., 2021).
According to the presented reports, compared to magnesium and zinc
alloys, Mg-6Zn alloy is more appropriate in terms of corrosion resis-
tance, mechanical properties, cell compatibility, and in vivo studies
(Seyedraoufi and Mirdamadi, 2013; Zhang et al., 2010). Graphene
oxide (GO) is a graphene-based material with oxygenated functional
groups. It is hydrophilic and can be easily dispersed in water and also
polar solvents to form a stable suspension (Tong et al., 2016); In addi-
tion, a recent study has shown that graphene oxide has a positive effect
on adhesion and differentiation of osteoblasts and improve bone
regeneration by stimulating biomineralization (Wen et al., 2017). The

addition of graphene oxide to the Mg-6Zn alloy is expected to improve
the cellular compatibility of bone tissue.

In this study, magnesium-based nanocomposite scaffolds were fab-
ricated using different formulations of magnesium, zinc, and graphene
oxide (Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO) by powder metal-
lurgy method. Subsequently, they were examined physically, chemi-
cally, mechanically, and biologically which made the best
formulation is suggested for bone tissue engineering.

2. Materials and methods

2.1. Materials

In this study, angular magnesium powder with a purity of
99.9% and approximate particle size of 50 um (Merck, CAS
7439-95-4, Germany), spherical zinc powder with a purity of
more than 95% and particle size of 1-8 pm (Merck, CAS
7732-18-5, Germany) and graphene oxide powder with a purity
of more than 99% and particles size of ~5 nm (Merck, CAS
7732-18-5, Germany) were used. Carbamide particles (CH4N»-
0O) with 99% purity and an approximate particle size of
550 um (Merck, CAS 57-13-6, Germany) were used as the
spacer agent in the fabrication of the scaffolds. Methanol solu-
tion (Merck, CAS 67-56-1, Germany) was used for the poros-
ity determination test. The degradation test was performed by
using phosphate-buffered saline (PBS) solution (pH = 7.4)
(Ide Bio Co., Iran) and electrochemical corrosion polarization
tests were conducted by using simulated body fluid (SBF)
(BIOMATERIALS.IR, AS0030, Iran). For biological tests,
MTT  [3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (Sigma-Aldrich, Germany), penicillin, and strepto-
mycin (BIO-IDEA, Iran), fetal bovine serum (FBS) (Gibco,
Germany), dimethyl sulfoxide (DMSO) (Merck, Germany)
and Dulbecco’s modified eagle medium (DMEM) (Gibco, Ger-
many) were utilized.

2.2. Fabrication of porous Mg-based scaffolds

In this study, three formulations of porous Mg-based scaffolds
including Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO were
fabricated. The preferred method to fabricate scaffolds was
powder metallurgy in which the weight percentage of used
powders including magnesium, zinc, graphene oxide, and car-
bamide powders were calculated as an initial step (Table 1).
Next, powders were mixed with a small amount (~2% w/w)
of ethanol (as a binder) for 2 min. At the following stage,
the samples were pressed to an optimum compression of
350 MPa in steel molds with diameters of about 6.5 mm and
10 mm (ISO13314 standards: 2011 and ASTM G31-72
(2004)). The volumetric fraction of carbamide was considered
50%, to achieve a porous scaffold (porosity percentage ~50%)
after removing the spacer agent particles. To leach the spacer
agent particles out from compacted pellets, they were
immersed in ethanol solution for 2 h. After that, when a large
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Table 1 The weight of materials used for fabricated scaffolds
with dimensions of 10 x 10 mm.

Scaffold Mg (g) Zn (g) GO (g) Carbamide (g)
Mg-6Zn 1.23 0.078 0 0.997
Mg-6Zn-1GO 1.22 0.078 0.013 0.997
Mg-6Zn-2GO 1.20 0.078 0.026 0.997

percentage of spacer agent particles (near 70%) dissolved in an
ethanol solution, the residues of the spacer agent which were
trapped at the center of the samples or in isolated pores were
removed during the initial sintering stage under a vacuum
atmosphere (10™* Torr) and temperature of 450 °C. Last but
not the least, the samples were sintered for 2 h at 580 °C.

2.3. Characterization of porous Mg-based scaffolds

The crystal structure of graphene oxide and scaffolds were
analyzed by X-ray diffraction (XRD) technique. On a Bruker
(DSADVANCE, Germany), X-ray diffractometer, the varia-
tion, at room temperature, of the radial diffraction intensity
dependence on the diffraction angle (2 theta) using a Cu-Kao
X-ray lamp with a wavelength of 1.54 A was recorded. The
working conditions were: Scanning rate = 3 s/step, and
diffraction range 10-80° (2 theta). The morphology and pore
size in fabricated scaffolds and also each component itself
including magnesium, zinc, and carbamide powders were stud-
ied by scanning electron microscopy (SEM) equipped with
EDS analysis (Philips, XI-30, Netherlands). To prevent charge
buildup on the specimen surface, it was coated with a thin
layer of gold.

To determine the porosity level of the samples, the porosity
test was performed and complied with the Archimedes method
according to ASTM B962-08 standard. Due to the lower vis-
cosity of methanol (0.6 cP) compared to ethanol (1.1 cP),
methanol was used for this test (Seyedraoufi and Mirdamadi,
2015). To assess the mechanical properties of the samples, a
universal testing machine (HOUNSFIELD, H30KS, England)
was utilized and the test was performed under ambient temper-
ature and with a crosshead speed of 0.5 mm/min. Cylindrical
samples of composites were prepared according to ISO
13314: 2011 standard (diameter = 10 mm & height = 10 m
m). It should be mentioned that four samples for each alloy
and composite formula were examined. Engineering stress—
strain curves were plotted and the necessary information was
extracted and evaluated from them.

To investigate the in vitro biodegradability, immersion and
electrochemical corrosion polarization tests were performed.
To evaluate the biodegradability of Mg-6Zn, Mg-6Zn-1GO,
and Mg-6Zn-2GO scaffolds, an immersion test was performed
in PBS solution at 37 °C according to ASTM G31-72 (2004).
First, the samples were weighed by using a digital analytical
balance with 0.1 mg accuracy (METTLER TOLEDO,
JB1603-C/FACT, Switzerland). In the following step, the sam-
ples were immersed in falcons containing 25 ml of PBS solu-
tion which were then placed in an incubator at 37 °C. The
biodegradability of the samples was examined at 2 intervals
including 24 h and 7 days. At first glance, the surface of the
samples had been changed to a white color related to the
degradation and they were heavier than their initial weight.

To identify the biodegradation products formed on the sam-
ples, the products were examined by XRD. To remove sus-
pended biodegradation products, the samples were rinsed
with distilled water and a chromic acid solution with a concen-
tration of 180 g/l (according to ASTM G1-90 (1999) and
reported studies) (Zhang et al, 2010; Mutlu, 2018;
Yazdimamaghani et al., 2014). The reason behind using chro-
mic acid solution was that it reacted with degradation products
and dissolved them which did not affect the magnesium
(Yazdimamaghani et al., 2014). The samples turned dark after
washing with the chromic acid solution. Then, the samples
were dried for 24 h and weighed. Based on the equation below,
the weight loss percentage of the samples was calculated (Kaur
et al., 2017):

Wo — W

% weight loss = x 100 (1)

Wo
where wy is the initial weight and w, is the weight of the dried
scaffold after immersion.

The pH of the solutions was measured at 1, 3, 5, and 7 days
after immersion by a pH meter (ELMEIRON, CP-511,
Poland). Electrochemical corrosion polarization tests were per-
formed in SBF solution using a potentiostat/galvanostat
device (Metrohm, Autolab PGSTAT 302N, Netherlands) con-
nected to a PC and equipped with Nova 1.9 software according
to ASTM G102-89 (2010) standard. Electrochemical evalua-
tions were performed using a three-electrode electrochemical
cell namely, the working electrode, the platinum counter elec-
trode, and the saturated calomel electrode as the reference elec-
trode. To stabilize the open circuit potential (OCP) of the
tested specimens and reach a stable state, the surface of each
specimen was in contact with the simulated body fluid (SBF)
solution for 1 h at 37 °C before starting the test. It should
be noted that the applied charges were <5 puV during the early
5 min of measuring the electrical potential.

To calculate the corresponding time to a stable state, the
open circuit potential of the samples was plotted over time.
The potentiodynamic polarization test was performed at a
scanning speed of 1 (mV/s) and in a potential range of 0.3
to + 0.5 V related to the open circuit potential. The values
of the corrosion current density and corrosion potential were
calculated by TOEFL extrapolation using polarization corro-
sion diagrams. Impedance spectroscopy was performed under
the condition of an alternating voltage with a small oscillation
amplitude of about + 10 around the OCP and in a wide fre-
quency range (0.1 Hz to 100 kHz) on all samples. The results
were also shown in the form of the logarithm of the absolute
value (modulus) of the impedance (log |Z|) or the phase angle
in terms of frequency (Bode diagram). In this study, the data
was represented in the form of Bode and Nyquist diagrams.
It should be mentioned that the data related to impedance
was processed in Zview-2 software. To conduct the electro-
chemical corrosion test, the surface of the samples was con-
fined to 0.154 cm?.

MTT test was performed by using the L-929 cell line
(mouse adipose tissue cells, Royan Institute, IRAN) according
to ISO 10993-5 standard. In the first step, the cells were cul-
tured in a DMEM medium containing 10% fetal bovine serum
(FBS), 100 units/ml (U/ml) penicillin, and 100 pg/ml strepto-
mycin at 37 °C, with humidity of 90 percent, and concentration
of 5% carbon dioxide. To investigate the toxicity of the
samples and their effects on cell growth and proliferation,
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the indirect contact (extraction) method was used. To sterilize
the samples, they were exposed to ultraviolet (UV) radiation.
At the next stage, the extracts were prepared for each alloy
including Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO, sepa-
rately. According to ISO 10993-12 standard, the extraction
of the samples was prepared by adding 0.2 g of each alloy to
1 ml of DMEM medium. This test was performed under a
humid atmosphere containing 5% carbon dioxide at 37 °C
for 72 h. the supernatant was then removed and centrifuged.
To determine the amount of magnesium and zinc ions released
in the extracts, some of them were isolated for the ICP test.
The extracts were prepared at 10, 50, and 100% of initial con-
centration. The extracts were refrigerated at 4 °C for further
use in the cytotoxicity test. The cells were placed in a 96-well
culture plate so that approximately 50 cells per microliter of
culture medium (cells/pl) were poured into each well and incu-
bated for 24 h to reach their final adhesion to the surface. The
culture medium was then removed and replaced with 100 pul of
the extract, and the cells were incubated under a humid atmo-
sphere containing 5% carbon dioxide at 37 °C. Three repeti-
tions of each alloy were investigated after 24 and 72 h. After
the passage of specified periods, 20 pl of MTT was added to
each well. The plate was then placed in a CO, incubator at
37 °C for 4 h. 100 pl of dimethyl sulfoxide (DMSO) was then
added. The spectrophotometric absorption of the samples was

measured with a microplate reader (Stat Fax, 2100 Microplate
Reader, USA) at 570 nm. The relative growth rate (RGR) of
cells was obtained by using the following formula (Zhang
et al., 2010; Rekha and Anila, 2019):

ODsampLE
RGR = ——— x 100 2
ODcontroL @)

In which ODgampLE 1S the optical density of the samples
and ODconTrOL 18 the optical density of the negative control
sample (culture medium).

2.4. Statistical analysis

The results were reported as average + standard deviation
(mean £+ SD). The quantitative data were compared by SPSS
package software, version 24. The significance level was con-
sidered <0.05 (p-value < 0.05) in all cases.

3. Results and discussion

3.1. Characterization of the composite scaffolds

The XRD patterns of GO nanoparticles, Mg-6Zn, Mg-6Zn-
1GO, and Mg-6Zn-2GO scaffolds are shown in Fig. 1. In the
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Fig. 1

XRD patterns of (a) GO nanoparticles, (b) Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO scaffolds.
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early stage of our research, the XRD pattern of the purchased
graphene oxide powder (Fig. 1a) was compared to the reported
one which presented great compatibility (Zhang et al., 2018;
Yuan et al., 2018). All the alloyed formulations namely Mg-
6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO displayed the funda-
mental peaks including magnesium, zinc, and also magnesium
oxide (MgO) in their XRD pattern (Fig. 1b). It should be
noted that MgO was formed as a partial phase during the sin-
tering process. In fact, all the oxygen functional groups of GO
go through a reaction with the magnesium matrix during the
sintering stage which leads to produce MgO nanoparticles as
a side product. Since MgO is biologically non-toxic, it will
not put the body in danger (Li et al., 2014; Wan et al.,
2011). According to Fig. 1, no graphene oxide component
was detected in Mg-6Zn-1GO and Mg-6Zn-2GO scaffolds.
This observation can be correlated to the low percentage of
graphene oxide in porous composite samples which was in line
with other research using GO in nHA/GO (Zhang et al., 2018)
and TiO,/GO (Yuan et al., 2018). Furthermore, the low con-
tent of GO can be attributed to its fine distribution throughout
the composite as well as its interaction with other components
(Haghshenas, 2017).

The morphology and particle size of carbamide, magne-
sium, and zinc powder were recorded by SEM which are
shown in Fig. 2. As can be seen, carbamide and magnesium
powders are both angular and the average particle size of car-
bamide powder is about 550 pm which is 11 times larger than
magnesium particles. Moreover, zinc powder has spherical
particles with an average size of 1-8 pm. The surface of the
Mg-6Zn-2GO scaffold was also investigated by SEM in two
different scales of 1 and 2 mm which are shown in Fig. 3. As
can be seen, there is almost a uniform distribution of pores
on the surface of this scaffold, and the porosity level is esti-
mated at 50%. The porosity rate of each sample obtained from
the Archimedes test is reported in Table 2. Initially, carbamide
particles were added to the powders with a volume fraction of
50% but then during the manufacturing, heating, and com-
pressing process, a number of porosities got closed which
resulted in the reduction of the porosity rate of the samples.
Ultimately, the porosity rate of the samples was estimated at
40 to 46% which was close to the related amount in spongy
bone (50 to 90%) (Salgado et al., 2004).

From the perspective of tissue engineering science, the
mechanical properties of an ideal biodegradable scaffold
should be compatible with its surrounding tissues as well as
provide a temporary substrate for cell adhesion (Toghyani
and Khodaei, 2018). In addition, there should be adequate
interconnected pores to transport oxygen and nutrients,
excrete metabolic wastes, and grow blood vessels (Salgado
et al., 2004).

According to SEM images of the Mg-6Zn, Mg-6Zn-1GO,
and Mg-6Zn-2GO scaffolds which were taken at different
magnifications (Fig. 4), the pore size was estimated 200—
500 pm. This parameter is highly important for bone tissue
engineering as when the pores get smaller more cells get
blocked which leads to poor cell infiltration, extracellular
matrix production, and angiogenesis of the internal areas of
the scaffolds. To meet bone tissue engineering purposes, the
pore size should be in the range of 200-900 pum (Salgado
et al., 2004). Therefore, the porosity size of Mg-6Zn, Mg-
6Zn-1GO, and Mg-6Zn-2GO scaffolds is appropriate.

Det Whelss—1 1 M
BSE 20.0

AccV Spot Magn
L 200kV 5.0 20x

Fig. 2 SEM images of (a) Carbamide powders, (b) Magnesium
powders, and (c) Zinc powders.

To prove the presence of Zn and GO in the structure of
scaffolds, EDS, and elemental mapping analyses were con-
ducted. The results related to Mg-6Zn-1GO samples are shown
in Figs. 5 and 6. The resulting spectrum proves the presence of
Mg, Zn, C, and O elements in the structure of the mentioned
scaffold. The weight and atomic percentage of each element
are specified in the table (Fig. 5). The high percentage of car-
bon at this point indicates the presence of GO in the structure.
Also, the elemental map confirmed the existence of
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Field of View

Fig. 3 SEM images of the surface of the Mg-6Zn-2GO scaffold
in two scales (a) 2 mm and (b) 1 mm.

Table 2 Porosity level of the scaffolds in compression with the
spongy bone.

Scaffold Porosity (%)
Mg-6Zn 40 + 1
Mg-6Zn-1GO 41 + 3
Mg-6Zn-2GO 46 + 1
Spongy bone (Salgado et al., 2004) 50-90

magnesium, zinc, carbon, and oxygen in the structure of the
scaffold (Fig. 6).

3.2. Mechanical properties of the composite scaffolds

To evaluate the mechanical properties of the samples, the com-
pression test was performed according to ISO13314: 2011 stan-
dard. The obtained stress and strain results from different
alloys including Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO
are illustrated in Fig. 7. Table 3 provides an appropriate sub-
strate to compare results to each other and also spongy bone

AccV. ¥pBHMagh. T .0a WD ———— 200 um
200KV 46 F0be - S 111
_ N\ e

Field of View

Fig. 4 SEM images of the (a) Mg-6Zn scaffold, (b) Mg-6Zn-
1GO scaffold, (¢) Mg-6Zn-2GO scaffold.

(Moradi et al., 2019; Gao et al., 2017). Based on the results,
compressive strength and elastic modulus for all the specimens
are in the range of related amounts in spongy bone. To
improve tissue repair and regeneration, the aim was to approx-
imate the mechanical properties of the Mg-6Zn matrix to its
surrounding tissues by adding graphene oxide reinforcement.
By doing so, the compressive strength and elastic modulus
amplified which were slightly higher in Mg-6Zn-1GO than in
Mg-6Zn-2GO samples (P > 0.05).
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Fig. 5
related to the Mg-6Zn-1GO sample.

The mechanical improvement can be correlated to the uni-
form dispersion of GO particles throughout the Mg-6Zn
matrix. These particles create obstacles against the movement
of dislocations and cause more density of dislocations between
the Mg-6Zn matrix and GO particles, so the Mechanical
strength increases. As previously detailed, the elastic modulus
of composites was in the range of related amounts in the
spongy bone so the studied scaffolds can cut down on the pos-
sibility of stress shielding (Yan et al., 2017; Dutta et al., 2017)
and are also an appropriate choice to support bone tissue
repair.

(a) SEM image, and (b) EDS spectrum of the selected region, the weight percentage, and atomic percentage of the elements

3.3. The corrosion resistance of the composite scaffolds

Fig. 8a presented the potentiodynamic polarization diagrams
for the Mg-6Zn, Mg-6Zn-1GO, and Mg-6Zn-2GO scaffolds.
The results of TOEFL extrapolation related to these diagrams
are also demonstrated in Table 4. This table highlights that the
current density decreased for Mg-6Zn-2GO, Mg-6Zn, and Mg-
6Zn-1GO samples, respectively, which indicates an increase in
corrosion resistance of the Mg-6Zn-2GO sample compared to
other samples. Fig. 8b shows the equivalent circuit used to fit
the Nyquist chart data. Fig. 8¢ shows the Nyquist diagrams
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Fig. 6 (a) SEM image of Mg-6Zn-1GO scaffold, and corresponding elemental mappings of elements (b) Mg, (¢) Zn, (d) C, and (e) O.

and the fitted diagrams of the samples and in Table 5, the data
related to Nyquist charts obtained by fitting are reported,
where R, R, and R, are the solution resistance, the polariza-
tion resistance, and the charge transfer resistance, respectively.
It is necessary to mention that the higher value of R, the

lower the corrosion rate. Therefore, the charge transfer resis-
tance rate is used to evaluate the corrosion properties of a sam-
ple. Q, and Q; show the surface capacity of the alloy and the
capacity of the electrical double layer formed at the interface
between the sample surface and the electrolyte, respectively.
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Fig. 7 Compressive stress—strain curves for (a) Mg-6Zn, (b) Mg-

6Zn-1GO, and (C) Mg-6Zn-2GO.

Table 3 Mechanical properties of the scaffolds in compres-
sion with the spongy bone.

Scaffold Elastic Compressive  Plateau
Modulus strength Stress
(MPa) (MPa) (MPa)
Mg-6Zn 228 £40 5.1 £ 1.0 24 + 09
Mg-6Zn-1GO 162 £ 93 89 £ 2.6 52 £ 26
Mg-6Zn-2GO 145 £ 63 81 £ 1.3 50 £ 1.4
Spongy bone (Moradi 10-1570 1.5-38 1-20

et al., 2019; Gao et al.,
2017)

In addition, n, and n; are exponential coefficients that are usu-
ally determined in the range of 0-1. Fig. 8d shows the Bode
phase plot of the three samples. As can be seen in this plot,
the phase angle in the intermediate frequency range was the
lowest amount in the scaffolds with the Mg-6Zn-2GO formu-
lation compared to the Mg-6Zn and Mg-6Zn-1GO samples so
the highest corrosion resistance was observed for the Mg-6Zn-
2GO samples. This resistance is in a lower level for the
Mg-6Zn and Mg-6Zn-1GO samples, respectively. The Bode
module diagram for the three samples is shown in Fig. 8e.
According to the results, the highest impedance can be
observed in the Mg-6Zn-2GO sample which resulted in the
highest corrosion resistance.

Fig. 9 shows the weight loss percentage of the samples after
24 h and 7 days of immersion in PBS solution. Based on the
results, the lowest percentage of weight loss or in other words
the highest corrosion resistance was seen in the Mg-6Zn-2GO
sample. Regarding the corrosion resistance, the formulations
including Mg-6Zn and Mg-6Zn-1GO were in a lower level
compared to Mg-6Zn-2GO samples, respectively but there
was no remarkable difference between the last two mentioned
(P > 0.05). The changes in pH of the samples compared to the
initial pH of PBS solution (7.40) after 1, 3, 5, and 7 days have
been shown in Fig. 10. It is evident that the pH of the samples
increased rapidly after 24 hrs of immersion in PBS (compared
to the initial pH of the PBS solution (pH = 7.4)). The rapid
rise in pH is due to the low corrosion resistance of magnesium.
Magnesium corrosion reactions in physiological environments
are as follows (Cruz et al., 2018):

Mg = Mg> + 2¢ (3)
H,O + ¢~ = OH™ + !/, H, (g) (4)
Mg(s) + 2H,O = Mg(OH), (s) + H» (g) (5
Mg(OH), (s) + 2C1~ (aq) = MgCl, + 20H (6)

Magnesium has a high tendency to dissolve in aqueous
media due to its negative standard equilibrium potential
(—2.4 V). Magnesium corrosion occurs due to the dissolution
of anodic metal, decomposition of water (cathode), formation
of hydrogen gas, and alkalinization of the environment. The
porous scaffold reacts with the PBS solution at the beginning
of immersion to produce magnesium hydroxide (Mg(OH),)
and hydrogen gas (reaction (5)). Mg(OH), precipitates on the
surface of the scaffold, dissolves slightly in water, and acts as
a protective layer against corrosion. But this protective layer
can react with C1™ ions and be destroyed (Reaction (6)). In fact,
Cl™ ions penetrate to the protective layer and weaken it and
change the scaffold from non-degradable to localize degradable
caused by corrosion. When reaction (6) is completed, the con-
centration of OH™ ions in PBS solution increases. The rapid
rise in pH at the beginning of immersion can be attributed to
the over-release of OH™ ions. After three days, the process of
increasing the pH for all samples is done with a smaller slope
which can be attributed to the creation of more balance
between all ions in the environment compared to the initial
state (Cruz et al., 2018). The pH rose much slower in
Mg-6Zn-2GO compared to other formulations and after 7 days,
its final pH was by far the lowest (P < 0.05). This observation
was related to the lower degradation rate of Mg-6Zn-2GO
(Fig. 9) which then resulted in less release of magnesium ions.

To identify the corrosion product layer formed on the sur-
face of the samples, the XRD technique was used. According
to the XRD pattern (Fig. 11), the corrosion products formed
on the surface of samples containing Mg(OH),, MgO, and
some metallic magnesium. In addition, the amount of sedi-
ments formed on the surface of Mg-6Zn-2GO samples was
considerable which can be correlated to a higher level of super-
ficial porosity and its contact surface with the solution.

Based on the results of ECP and the immersion test, the
data were in good correlation with each other which both tests
supported the idea that Mg-6Zn-2GO samples were the best
scaffolds regarding to corrosion resistance. Furthermore, the
mentioned sample had the highest mechanical strength than
Mg-6Zn. it should be noticed that the difference in mechanical
strength was not significant compared to the Mg-6Zn-1GO
sample. The porosity percentage of Mg-6Zn-2GO was also
by far the highest compared to Mg-6Zn-1GO and Mg-6Zn,
respectively.

3.4. Cell viability

Fig. 12 display the results of the cytotoxicity assessment test
(MTT). Based on the results, the viability of the L-929 cells
after 24 and 72 h at the concentration of 10% is more than
other extract concentrations of 50% and 100%, respectively.
It may be due to the enhancement of ions such as magnesium
and zinc by increasing the extract concentration which leads to
cytotoxicity. After 24 h, the cell viability in the extracts with
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(a) Potentiodynamic polarization curves diagrams of the samples immersed in SBF, (b) Equivalent electric circuit employed to fit

Nyquist diagram data, (c) Nyquist diagrams and fit diagrams for samples, (d) Bode phase diagrams for samples, (¢) Bode module
diagrams for samples.

Table 4 Corrosion parameters obtained from the potentiodynamic polarization curves of scaffolds immersed in SBE.

Scaffold Eeorr (V) iporr (1A /cm?) R, (Q.cm?) Corrosion rate (mm/year)
Mg-6Zn —1.453 + 0.009 912 + 4 41 + 4 10.602 + 0.002
Mg-6Zn-1GO —1.485 + 0.008 1276 + 3 35+ 3 14.832 + 0.003
Mg-6Zn-2GO —1.456 + 0.006 779 + 4 55 £ 2 9.055 + 0.002

Table 5 Fitting parameters were obtained from the EIS Nyquist plots of the scaffolds in SBF.

Scaffold R, (Q.cm?) Q; (F.em™3) n; R, (Q.cm?) Q> (F.em™3) n, Ry (Q.cm?)
Mg-6Zn 142.2 4.016E-7 0.570 108.9 1.000E-20 0.228 144
Mg-6Zn-1GO 150.0 8.588E-7 0.492 30 1.00E-20 0.344 122.3
Mg-6Zn-2GO 133.3 3.711E-7 0.706 129.9 1.120E-13 0.165 350
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Fig. 11

10% and 50% concentrations was almost the same in all three
samples. It should be mentioned that this result for samples
containing graphene oxide was not tangible (P > 0.05). In
addition, mean cell viability more than 80% presented non-
cytotoxicity of extracts as their important feature. After
72 h, the cell viability percentage in contact with Mg-6Zn
extracts with a concentration of 10 and 50% was upper than
two samples containing graphene oxide and the results of sam-
ples containing graphene oxide were significantly different
(P < 0.05). The Mg-6Zn-2GO sample showed an increase in
cell viability while the rate was weaker in comparison to the
Mg-6Zn samples.

Table 6 provides the results of the ICP test related to the
amount of magnesium ions and zinc ions released in the
extracts and these results are regarding the initial extract
(100%) prior to dilution into concentrations of 50 and 10%.
According to the ICP results provided in Table 6, the amount
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XRD pattern of the corrosion products formed on the Mg-6Zn-2GO sample after immersion in PBS for 7 days.
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Fig. 12 Results of cytotoxicity assessment test (MTT) after 1,
and 3 days at 10, 50, and 100% concentrations (*P > 0.05).

Table 6 The results of the inductively coupled plasma (ICP)
test of the extracts.

Scaffold Mg ion (umol) Zn ion (umol)
Mg-6Zn 756 1.58
Mg-6Zn-1GO 838 2.11
Mg-6Zn-2GO 873 4.12

of magnesium and zinc ions released in the extracts of samples
containing graphene oxide was higher compared to the Mg-
6Zn samples which then resulted in higher cytotoxicity. The
reason for higher cell viability rate in Mg-6Zn-2GO compared
to Mg-6Zn-1GO extracts can be correlated to the increase of
zinc ions concentration from 1 to 2 ratio (Table 6). Zinc as a

trace element has stimulatory effect on in vitro and in vivo bone
formation and added into composite biomaterials to develop
zinc-releasing composites to promote bone formation (Cruz
et al., 2018).

Following 24 and 72 h, the cell viability in all extracts with
concentration of 100% decreased which was due to the con-
taining of more magnesium and zinc ions. Furthermore, the
cell viability rate of Mg-6Zn extract was higher which was
completely vice versa in samples containing graphene oxide.
Moreover, there was a significant difference (P < 0.05)
between samples containing graphene oxide on first day
(Mg-6Zn-1GO sample increased cell viability). Despite the
higher cell viability rate in Mg-6Zn-2GO samples after 72hrs,
there was no evidence of significant difference compared to
Mg-6Zn-1GO sample (P > 0.05). The reason for the increase
in cell viability for the Mg-6Zn-2GO sample can be attributed
to the higher amount of zinc ions which increased the L-929
cell viability. It should be noted that higher porosity and lower
corrosion rate of Mg-6Zn-2GO scaffolds effect on cell behav-
ior improvement.

4. Conclusion

In this study, porous biodegradable Mg-6Zn, Mg-6Zn-1GO, and
Mg-6Zn-2GO scaffolds were fabricated by the powder metallurgy
method using carbamide spacer agent and then investigated for bone
tissue engineering applications. According to the Archimedes test
and SEM images, the surface porosity percentage and the pore size
of scaffolds were estimated to be 40-46% and 200-500 pm, respec-
tively. By adding graphene oxide to the structure, the mechanical prop-
erties of the scaffolds were improved from 5 to 8 MPa. The results of
the electrochemical corrosion and immersion test were in line with each
other which presented better corrosion resistance of Mg-6Zn-2GO
samples compared to other samples with different formulations. The
results of the cytotoxicity test of the mentioned sample were also bio-
compatible; the MTT assay proved that the extract of Mg-6Zn-2GO
scaffolds was not cytotoxic in contact with L-929 cells. Overall, the
Mg-6Zn-2GO composite scaffold can be introduced as a suitable bio-
material for bone tissue engineering applications.
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