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A B S T R A C T

In this study, magnesium scaffolds including 60% porosity were designed and fabricated using sucrose spacer
agent by the powder metallurgy technique with the pore size of 400–600 μm with two biomimetic designs of the
filled center design (FCD) and the hollow center design (HCD) for bone regeneration. The spacer agent was
removed by distilled water and hydrofluoric (HF) acid before the sintering process. After the sintering process,
on the surfaces of both scaffold designs, magnesium fluoride (MgF2) coating was applied. Evaluation of scaffolds
by X-ray diffractometery (XRD) show that, on the surface of the untreated scaffolds MgF2 had been negligible
formed because of spacer agent removal process using HF solution. However, on the surface coated magnesium
scaffold a thicker coating of MgF2was formed. Results of compression test showed that by changing the design
from hollow center to filled, the yield stress of the scaffolds increased from 7.3 MPa to 22 MPa. In addition, in
vitro test indicated that both designs of MgF2 coated magnesium scaffolds had approximately same degradation
rates. Also, the results of magnesium ion release by ICP-AES test showed that the MgF2 coated magnesium
scaffolds had lower degradation rate compared to uncoated scaffolds. In addition, EDS analysis on the surface of
the coated magnesium scaffold confirms the formation of MgF2 coating. Also, this analysis showed that after
14 days of immersion in Dullbecco's PBS solution, the MgF2 layer remained on the surface of the scaffold.

1. Introduction

Porous biomaterials called 3D scaffolds are currently under in-
vestigation for bone regeneration. The ideal biomaterial to develop
these bioscaffold needs to have following characteristics: Biocompatible
and biodegradable, [1–3], a matched elastic modulus to natural bone to
reduce or remove the stress shielding effect [4–7], and a controlled
degradation rate or corrosion resistance [8,9]. Many studies have de-
monstrated that magnesium has the aforementioned properties making
it a promising biomaterial for bone regeneration, except its high cor-
rosion rate [10–12], which is considered as its main limitation. Previous
research on magnesium scaffolds have shown that if the scaffold por-
osity is reduced to 20%, its corrosion rate can be partially reduced
[13,14]. However, magnesium scaffolds with 20% porosity had no
significant interconnected pores [13]. To provide sufficient inter-
connected pores for adequate oxygen and nutrient transport, metabolic
waste excretion, and blood vessel growth [15], magnesium scaffold
requires to have a higher percentage of porosity (i.e. 50–80%). As a

result, many in vitro and in vivo experiments have shown that surface
coating or modification can be used as an effective and practical
method to overcome the corrosion limitations of magnesium scaffolds.
Different coatings have also been used such as MgF2 [8,16], poly-
caprolactone [17], polycaprolactone/bioactive glass composite [18],
multilayer coatings of polycaprolactone-bioactive glass/gelatin-bioac-
tive glass (PCL–BaG/Gel–BaG) [19], hydroxyapatite (HA) [12], HA
coating layer and hybrid (PEI)–SiO2 layers [20], micro-arc oxidation
(MAO) [11], MAO and gelatin coating [3], and β−tricalcium phos-
phate (β–TCP) coating [2]. In general, coating methods are effective on
the physicochemical properties of the surface and consequently the
bone-to-implant interactions. A coating like MgF2 besides improving
the corrosion resistance of magnesium, results in an improved bio-
compatibility and also antibacterial activity of magnesium substrate
[21–23]. In addition, beneficial effects of fluoride incorporation, have
been reported before; these effects include stimulating osteoblast pro-
liferation, promoting bone formation, and preventing osteoporosis-re-
lated fractures [16,24]. As one of the scaffold manufacturing methods,
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the powder metallurgy has been extensively used since it is simple and
cost-effective. In this method most particles of carbamide [25–27],
sodium chloride [28,29], or ammonium bicarbonate [30,31] have been
used as spacer agent. However, an important step in fabrication process
is to completely remove the spacer agent prior to the sintering process
[10]. Because, according to Table 1, the spacer agents particles cannot
be completely removed during the sintering process (mainly from the
center of the scaffold) and also decomposition product release that can
lead to the oxidation or contamination of magnesium.

Therefore, in addition to a need for the use of a high soluble spacer
agent, unique designs are required to remove spacer agent from the
scaffold center prior to the sintering process. As a result, in this study
with the idea of two biomimetic designs, pure magnesium scaffolds
were first fabricated using sucrose particles as a spacer agent and then
coated with magnesium fluoride. Our results showed that the fabricated
magnesium scaffolds were free of contaminations caused by spacer
agent particles, as well as the coating of scaffolds with MgF2 coating
reduced the corrosion rate of our magnesium scaffolds.

2. Materials and methods

2.1. Materials

Magnesium scaffolds were fabricated using powder metallurgy
method. Magnesium powder (Merck: CAS 7439-95-4) with particles
size of smaller than 70 μm and crystal powder of sucrose (C12H22O11:
Merck: 1076531) with particles size at the range of 400–600 μm were
used as the spacer agent, (Fig. 1).

2.2. Magnesium scaffold fabrication

Magnesium scaffolds were fabricated in two different designs of
hollow center and filled center. At the filled center design (FCD), the
center of sample consisted of a prefabricated magnesium rod with a
purity of 99.9% (D = 2 mm, H = 25 mm), which was surrounded by a
porous magnesium scaffold (D = 8 mm, H = 8 mm, porosity of 60 vol
%). At the hollow center design (HCD), the hollow center of sample was
2 mm in diameter. Fig. 2 presents the schematic of scaffolds fabrication

routes. To fabricate the HCD magnesium scaffold, a rod shape hardened
steel (D = 2 mm, H = 25 mm) was fixed at the center of cylindrical
steel mold (D = 8 mm, H = 24 mm) by a steel pellet of hollow center
(D = 7.98 mm, H = 3 mm), and the space between them was filled by
mixture of 40 vol% magnesium powder and 60 vol% sucrose. The
mixture was compressed using a hollow center punch that the rod
passes easily through it, up to 400 MPa pressure for 2 min. Then, a rod
shape hardened steel (D = 1.90 mm) was placed from the top within
the steel punch hole where the powders mixture had been pressed. The
rod shape hardened steel that had been fixed in the sample center was
pushed out by the force of the cold press machine. The compacted pellet
was then removed from the mold.

To fabricate the FCD magnesium scaffold, a prefabricated magne-
sium rod was placed in the center of cylindrical steel mold and the gap
between them was filled by mixture of 40 vol% magnesium powder and
60 vol% sucrose. The mixture was compressed same as the procedure
described above for the HCD sample. The compacted pellet was then
removed from the mold, and the excess height of the surrounded
magnesium rod within the center of the sample was then cut by the saw.
To remove the spacer agent from both FCD and HCD pellets, they were
immersed in double distilled water for to 2 h at room temperature. To
ensure complete removal of spacer agent and prevent magnesium cor-
rosion in water for longer immersion time, we immersed them in HF
48% for 5–10 min. Samples were finally kept at 40 °C for 24 h to be
dried), and then sintered at 630 °C for 2 h, at inert atmosphere under
high purity argon gas. The heating rate in sintering process was
5 °C·min−1.

2.3. Magnesium scaffold coating

Magnesium fluoride was coated on the surface of FCD and HCD
magnesium scaffolds to reduce their corrosion rate. For this purpose,
the uncoated scaffolds were immersed in HF 48% at ambient tem-
perature for 15 h, then removed, rinsed with ethanol and dried at 40 °C
for 24 h.

Table 1
Advantages and disadvantages of carbamide, ammonium bicarbonate and sodium chloride as spacer agents for the fabrication of metal scaffolds.

Spacer agent Advantages Disadvantages References

Carbamide Soluble in water (1000 g/L), ethanol and hydrofluoric
acid

It is not completely removed by water and ethanol for an optimal immersion
time
Its residue is not removed up to the Tm of magnesium

[9,10,32]

Ammonium bicarbonate Soluble in water (220 g/L) Its residue is not removed up to the Tm of magnesium from the center of the
scaffold
When heated, it releases ammonia and water

[31,33]

Sodium chloride Soluble in water (360 g/L) and biocompatible NaCl solutions at different concentrations can results in metal corrosion
Causes foam cracking and delamination during sintering stage

[6,28,29,34]

Fig. 1. SEM micrograph of initial materials: (a) magnesium powder, (b) spacer agent particles of sucrose.
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2.4. Magnesium scaffold characterization

2.4.1. SEM and EDS analysis
Scanning electron microscopy (SEM: Philips XL-30) equipped with

an energy dispersive spectroscopy (EDS) was used to observe the mi-
crostructure and pore morphology of coated and uncoated magnesium
scaffolds, determine the thickness of the deposited MgF2 coating on the
scaffold surfaces and identify the chemical elements within the coating.
Samples were gold coated using sputter coater to inhibit electron
charge.

2.4.2. XRD analysis
To determine the phases of both uncoated and coated magnesium

scaffolds, X-ray diffraction (XRD: Philips, X'Pert-MPD, Netherland) was
used as the radiation source of Cu-Kα (λ = 1.5405 A°), at 40 KV, at the
rate of 1°/min in the range of 2θ = 25–70°.

2.4.3. Porosity evaluation
The porosity of magnesium scaffolds were calculated by Eqs. (1) and

(2), respectively.

= ⎛

⎝
⎜ − ⎞

⎠
⎟ ×P 1 M /V

ρ
100F.HC

F F

Mg (1)

= ⎛

⎝
⎜ − − ⎞

⎠
⎟ ×P 1 M M /V

ρ
100F.FC

F c F

Mg (2)

where, PF. HC and PF. FC are the actual porosity hollow center and filled
center scaffolds, respectively. MF and Mc the weight of the porous area
of the scaffold and the weight of the located magnesium rod in the
center of the scaffold, respectively. VF is the volume of porous area of
the designed scaffolds. The weight and dimensions of the samples were
measured using a digital balance with 0.0001 g precision and a digital
caliper with a precision of 0.01 mm, respectively. ρMg is the density of
pure bulk magnesium (1.74 g/cm3).

2.4.4. Mechanical properties assessment
To evaluate the mechanical properties of FCD and HCD magnesium

scaffolds, compression test for cylindrical samples of (D = 8 mm,
H = 8 mm) was performed using Universal Testing Machine (INSTRON

5566S, USA), according to ISO 13314: 2011 at a cross-speed of 1 mm/
min. The compression test was repeated three times for each sample
and average values are reported.

2.4.5. In vitro degradation behavior
To study and compare the degradation behavior, FCD and HCD

magnesium scaffolds (both coated and uncoated groups; D = 4 mm,
H = 4 mm), were immersed in the Dulbecco's Phosphate Buffered
Saline (DPBS; 25 ml) at 37 °C for 21 days; finally the magnesium ion
concentration and the pH value of DPBS were measured using in-
ductively coupled plasma mass spectrometry (ICP-MS: HITACHI,
PS7800, Japan) and pH meter (pH & ION meter Systronics 808), re-
spectively. Also, weight loss of the dried specimens was evaluated by
weight difference before and after immersion at two time points of 1
and 14 days. After removal of corrosion products from the surface of
specimens by chromium trioxide solution (CrO3) according to ASTM
G1-90 [35], the samples were washed with alcohol and finally dried at
40 °C for 24 h.

2.5. Statistical analysis

Quantitative data of compression tests, porosity measurement and
degradation behavior are repeated for 3 times and the results presented
as mean ± standard deviation. Statistical analysis was carried out
using IBM SPSS Statistics 23 software, and P value of smaller than 0.05
was considered significant.

3. Results and discussion

3.1. Sucrose removal

Results of sucrose removal inside the magnesium scaffolds with 60%
porosity in both designs of hollow center and filled center by measuring
the weight of the dry samples before and after the dissolution process
showed that after 2 h immersing in double distilled water, 93 ± 2%
and 88 ± 2% of spacer agent particles have been removed, respec-
tively. Hence, it is clearly evident that in hollow center design, more
spacer agent particles are removed when compared to the filled center
design, which is due to the more access of the hollow center to double
distilled water and diffusion of double distilled water into the pores

Fig. 2. Schematic of FCD and HCD magnesium scaffold fabrication processes.
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structure. On the other hand, water is released following the thermal
decomposition of sucrose [36], that can react with magnesium at high
temperatures. Furthermore, it is essential for the spacer agent particles
of sucrose to be removed as much as possible before the sintering
process. Therefore, after dissolution by double distilled water, to ensure
complete removal of spacer agent, samples were immersed in 48% HF
solution for 5–10 min. Results of samples immersion in 48% HF solution
showed that the spacer agent particles residue inside the pores were
removed same up to 98±2% for both samples. Generally, the solubi-
lity of sucrose in water at the temperature of 20 °C reaches to 2100 g/L
[37], which is significantly higher than the solubility of other spacer
agents used in the fabrication of magnesium scaffolds. While, the so-
lubility of spacer agents used in the fabrication of magnesium scaffolds,
such as ammonium bicarbonate (NH4HCO3), sodium chloride (NaCl)
and carbamide (CH4N2O) in water at ambient temperature or at 20 °C is
approximately 220, 360 [34,68] and 1000 g/L [32,63], respectively. As
a result, it can be concluded that the removal of sucrose spacer agent
particles by dissolution process can be more efficient than other com-
monly spacer agent particles used in the fabrication of porous magne-
sium scaffolds.

3.2. Microstructure and morphology of magnesium scaffolds

The uncoated sintered Mg scaffolds with FCD and HCD designs are

shown in Fig. 3. According to Fig. 3(a-b) the fabricated scaffolds have
metallic shine and are free of impurities detectable by the naked eyes.
Fig. 3(c-d) shows the SEM micrographs of the surfaces of the magne-
sium scaffolds with hollow center design or filled center. In Fig. 3(c) it
is clearly evident that the center of the scaffold is hollow with 2 mm in
diameter. Also, in Fig. 3(d) it is clearly evident that a good bond is
formed between the dense central and porous areas and no dis-
continuity and crack is observed between them. In addition, almost
uniform distribution in spacer particles is seen in Fig. 3(c-d). This leads
to a highly interconnected pores which facilitate bone cells to migrate
into the scaffold and reconstruct the damaged tissue [9]. Our hollow
center design along with the uniform distribution of pores can be an
effective strategy to improve the coating efficiency of porous scaffolds.
Because, the empty space of the sample center can be a way for the
coating material to enter the pores of the scaffold. Using this hollow-
types techniques, uniform multilayer coatings can also be applied on
the surface of magnesium scaffolds to overcome their corrosion pro-
blem. More importantly, if the residue of the spacer particles are not
fully removed from the scaffold, they can stick to the walls; and in
addition to reducing the implant biocompatibility, it prevents the for-
mation of uniform and continuous coatings on the scaffold surfaces.
Fig. 4 Shows the SEM image and EDS elemental analysis from the cross-
section of the scaffold coated with magnesium fluoride. According to
Fig. 4, a very thin layer of magnesium fluoride with a thickness of about

Fig. 3. Photos (a-b) and SEM micrographs (c-d) of magnesium scaffolds with HCD (a, c) and FCD (b, d) designs.
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1.4 μm is seen on the surface of the magnesium scaffold. This magne-
sium fluoride coating had been formed on the surface of magnesium
scaffolds following their immersion in HF solution for 15 h. Also, the
results of the EDS analysis show that the atomic ratio of fluoride to
magnesium is almost matches to the atomic ratio of magnesium to
fluoride. In general, this coating is formed by the reaction of magne-
sium with HF as shown in Eq. (3). This reaction has a negative change
in the Gibbs free energy, indicating that this is a product formed at the
temperature of 298.15 K [21].

+ → + ∆ = −Mg(s) 2HF (aq) MgF (s) H (g) G 476.6 kJ/mol2 2 (3)

Zhang et al. [38], showed that by the immersing the Mg-Nd-Zn-Zr
magnesium alloy in 40% HF solution for 24 h, a layer of magnesium
fluoride with thickness of 1.5 μm is formed on the magnesium substrate.
Also, Makkar [39], showed that by the immersing the ZK60 magnesium
alloy in 48% HF solution for 24 h at room temperature, a layer of
magnesium fluoride with a thickness of approximately 2.2 μm was
formed on the magnesium substrate. Chiu et al. [22] also coated a
1.5 μm thick magnesium fluoride on pure magnesium by immersing
them in 48% HF solution for 24 h at room temperature. In addition,
researchers have interpreted that as the thickness of the MgF2 layer
increases, the rate of coating process decreases whereafter 70 h of im-
mersion, the magnesium fluoride coating reaches its maximum thick-
ness of 2.75 μm [40].

3.3. Characterization of magnesium scaffolds surfaces

The X-ray diffraction (XRD) patterns for uncoated and MgF2 coated
magnesium scaffolds are presented in Fig. 5. Both patterns are mainly
containing magnesium peaks with hexagonal structure. With the dif-
ference that in uncoated scaffolds, very small peaks (negligible) of
magnesium fluoride (Sellaite) with tetragonal structure has been
formed on the scaffold surfaces during spacer leaching in HF for
5–10 min. In addition, in MgF2 coated scaffolds, with greater intensity
magnesium fluoride peaks appeared. In general, the low intensity of
magnesium fluoride peaks indicates that this coating is very thin. On
the other hand, it is demonstrated that, during the magnesium sintering
under a protective atmosphere (vacuum or argon), MgF2 cannot be
decomposed, because of the high temperatures i.e.>800 °C which is
required for oxidation of MgF2 and conversion to MgO in air [41]. Also,
in our XRD patterns, a small peak at 43° was detected in both samples,
which is related to magnesium oxide. This magnesium oxidation might
be formed due to the sample immersion in water for 2 h.

3.4. Porosity of magnesium scaffolds

Due to shrinkage of the scaffolds during the sintering process at
temperature of 630°C, dimensions of scaffolds with hollow center and

filled center decreased by 6% and 4%, respectively. More dimension
change of the hollow center magnesium scaffolds can be due to the
2 mm gap in the center of the specimens. Nevertheless, the actual
porosity of magnesium scaffolds with HCD and FCD designs compared
to the theoretical porosity of the scaffolds decreased by 4% and 2%
respectively. This difference between theoretical porosity and actual
porosity of scaffolds can be due to the closure of micropores during the
sintering process.

3.5. Mechanical properties of magnesium scaffolds

Results of the mechanical properties for both magnesium scaffold
designs are presented in Fig. 6. Results shows that, the compressive
strength and yield stress of filled center scaffolds are approximately
three times higher than center scaffolds The (yield stress: 22 MPa vs
7.3 MPa, the plateau stress 19.5 MPa vs 7.7 MPa to). Since the com-
pressive strength of pure magnesium is approximately 200 MPa [42],
inserting a rod with a diameter of 2 mm in the center will increase to
the strength around 12.5 MPa, this is matched the obtained difference
between the strength of the filled and hollow center scaffolds.

In Table 2, the mechanical properties of the trabecular bones
(spongy) are compared with the mechanical properties of our fabricated
scaffolds and also other magnesium scaffolds made with ≥50% por-
osity based on the literature. It is clearly evident that a scaffold with a
combination of interconnected porous and dense areas has a higher
strength than a scaffolds with 50% porosity or a scaffold with hollow
center. However, normal scaffolds or hollow-center scaffolds in addi-
tion to preserving the biological benefits of the porous structure they

Fig. 4. SEM micrograph and EDS of the surface of MgF2 coated magnesium scaffold.

Fig. 5. X-ray diffraction patterns for: (a) uncoated magnesium scaffold, (b)
MgF2 coated magnesium scaffold.
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can be sufficiently strong. Because, it is proven that the bones of load
bearing in human body have different mechanical properties. So that,
the loads for breaking the patella, tibiae, humerus, and femur bones are
about 192, 450, 600, and 756 kg, respectively [43]. Generally speaking,
there are different types of bone in human body, which most of them
consisted of cortical and cancellous zones. Every types of bone have
different thickness in cortical section, resulting different loadbearing
ability [44]. As a result, fabricated scaffolds with both designs in the
present study can be used in places with the compressive forces re-
quired for growth and regeneration of broken load-bearing bone.

3.6. In vitro degradation properties of magnesium scaffolds

Changes in magnesium ion concentration of Dullbecco's PBS solu-
tion by immersion of both groups of uncoated and MgF2 coated scaf-
folds with FCD and HCD designs at time points of 12 h, 1, 3, 8, 14, and
21 days, are plotted in Fig. 7. Uncoated magnesium scaffolds with both
designs released more magnesium ions compared to MgF2 coated
scaffolds. This means that, uncoated scaffolds have a faster degradation.
Following the immersion of the uncoated magnesium scaffolds, the
amount of magnesium ion release significantly increased and then
reached a steady state after 8 days. Similarly, the amount of released
magnesium ion from the coated scaffolds gradually increased over the
time. However, coated scaffolds with both FCD and HCD designs, had
approximately the same magnesium ion release after 21 days of im-
mersion in Dullbecco's PBS solution at 37 °C. For the coated scaffolds
with HCD design, although they had a higher contact surface area with
Dullbecco's PBS solution, they maintained their structural stability for
up to 21 days, similar to coated scaffolds with HCD design. However,
uncoated magnesium scaffolds with both FCD and HCD designs lost
their structural stability after 8 days of immersion. Also, the amount of
released magnesium ions from the coated scaffolds into the solution
even after 8 days was lower than the amount of magnesium ion released
from the uncoated scaffolds after 12 h immersion. This is because of the
magnesium fluoride coating which protected the magnesium scaffold

substrate from exposure to the solution even after 8 days immersion.
The magnesium fluoride (MgF2) is insoluble in water however, it can be
dissolved in solutions including chloride ions [47]. Zhang et al. re-
ported that, Mg-Nd-Zn-Zr alloy immersion in DMEM solution up to
10 days resulted in magnesium fluoride coating decomposition after
10 days [38]. Also, previous research indicate that the magnesium
fluoride coating besides improving the corrosion resistance of magne-
sium, improved the biocompatibility of the magnesium since it is non-
toxic and also antibacterial [21–23]. It has also been reported that AZ31
magnesium alloy scaffolds coated with magnesium fluoride resulted in
an improved proliferation and attachment of rat bone marrow stromal
cells (rBMSCs) [16]. Also, extracts taken from magnesium fluoride
coated AZ91 scaffold have increased the bone differentiation of rat
bone marrow stromal cells. In contrast the uncoated scaffolds had poor
cell proliferation and attachment due to excessive release of magnesium
ions as a result of rapid degradation [16].
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Fig. 6. Mechanical properties of fabricated magnesium scaffolds with FCD and HCD designs.

Table 2
Summary of the mechanical properties of the porous Mg scaffolds with porosity of ≥50%, and fabricated magnesium scaffolds in the present study compared to the
trabecular bones.

Material type Porosity (%) Compressive strength (MPa) Elastic modulus (GPa) Ref.

Cancellous bone – 4–12 0.1–0.5 [2]
Human trabecular bone 50–90 0.2–80 0.01–2 [20]
Fabricated Mg scaffolds with porosity ≥ 50%
Mg scaffold fabricated by carbamide spacer agent 50 2.33 0.35 [26]
Mg scaffold fabricated by carbamide spacer agent 55 12 0.8 [45]
Mg scaffold fabricated by the fiber deposition hot pressing technology 54 11.1 0.1 [46]
Mg scaffold fabricated by laser perforation 51 8 0.41 [2]
Mg scaffold fabricated by carbamide spacer agent 52–70 4–14 – [27]
Mg scaffold fabricated by SPS and NaCl spacer agent 60–70 7–15 0.23–0.33 [12]
Our FCD magnesium scaffold 60 19.5 0.21
Our HCD magnesium scaffold 60 7.7 0.12
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Fig. 7. Concentrations of released Mg ion from uncoated and MgF2 coated
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time points.
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Fig. 8 presents the pH changes of Dullbecco's PBS solution, fol-
lowing immersion of uncoated and MgF2 coated scaffolds with FCD and
HCD designs at different time points. It is evident that the pH value
forms the uncoated scaffolds, increased from 7.4 to 8.6 after 1 day of
immersion, and gradually increased to 9.3 after 3 days of immersion.
Also, with increasing the immersion time from 3 days to 8 days, the pH
increased and then reached a steady state. While the pH value of the
coated scaffolds gradually increased to 9.3 after 21 days. The pH in-
crease of solution, is related to the magnesium degradation and sub-
sequent release of OH– functional groups. Following reactions sum-
marizes the degradation process of magnesium in physiological
mediums such as Dullbecco's PBS [25,48]:

→ ++ −Mg Mg 2e2 (4)

+ → +− −2H O 2e 2OH H (g)2 2 (5)

+ →+ −Mg 2OH Mg(OH)2
2 (6)

+ → +− −Mg(OH) (s) 2Cl (aq) MgCl 2OH2 2 (7)

The reaction between magnesium and PBS, results in Mg(OH)2 and
H2 gas formation (Eqs. (4), (5) and (6)). Mg(OH)2 is partially insoluble
in water and its formation on the surface of magnesium, protect mag-
nesium from corrosion in water [49]. However, it accelerates the cor-
rosion of Mg when the pH is lower than 11.5 [50]. Also, magnesium
hydroxide layer, is degraded in PBS, because of chlorine ion of PBS and
pH in body fluid which is about 7.5 or even lower, Mg(OH)2 transform
to Mg(Cl)2, which is highly soluble in water (Eq. (7)). The burst increase
in pH because of OH functional group release has also been reported by
other researchers [13,48]. Magnesium scaffolds with both FCD and
HCD designs had similar degradation rates pH increase. Also, coated
magnesium scaffold reduced the degradation rate and pH increase

when compared to uncoated ones. Nevertheless, it has been reported
that pH values in the range of 7.9–8.27 do not prevent proliferation of
hBMSCs [51].

The weight loss of both groups of uncoated and MgF2 coated scaf-
folds with FCD and HCD designs at two time points of 1 and 14 days are
shown in Fig. 9. The results shows that the weight of the coated scaf-
folds reduced after 1 day of immersion, however the weight loss was
insignificant. Whereas, uncoated magnesium scaffolds showed a sig-
nificant weight loss which can be due to the direct exposure of scaffold
the physiological medium. The results showed that the uncoated scaf-
folds with both FCD and HCD designs had greater weight loss compared
to the coated scaffolds. So that, the coated scaffolds lost approximately
0.04 g after 14 days of immersion.

SEM images and elemental analysis (EDS) of the surfaces mor-
phology of coated and uncoated magnesium scaffolds, after 14 days of
immersion, are shown in Fig. 10. According to Fig. 10(a), the surface of
the coated magnesium scaffold has not been extremely degraded so that
the pores have maintained their shape in the form of polyhedral
structures (i.e. the shape of our spacer particles). Although microcracks
are observed within the Mg particles, the scaffold structure and me-
chanical stability has been completely maintained. EDS analysis
showed that the corrosion products contains calcium, oxygen, fluoride,
magnesium and phosphorus. Fig. 10(b) shows the surface of the un-
coated magnesium scaffold which had been highly corroded and the
scaffold structure was collapsed. Also, corrosion products contains
chlorine, oxygen, and magnesium. Calcium is detectable in our EDS
analysis which can be due to the deposition of calcium phosphate
products from ions in physiological solution. Also, the phosphate and
calcium in solution react with the OH– ions and forms calcium phos-
phates such as hydroxyapatite [Ca10(PO4)6(OH)2] [23] or fluoridated
hydroxyapatite [FHA, Ca5(PO4)3(OH)1-xFx)] [52] on the surface. On the
other hand, existence of fluoride in our magnesium fluoride coating can
improve calcium phosphate crystallization and mineralization which
can also encourage formation of new bone tissue [23,53]. In general,
MgF2 coated scaffolds had less degradation rate than uncoated scaf-
folds. Because the presence of this coating, it significantly postponed
the degradation of the magnesium substrate.

4. Conclusion

In this study, biodegradable magnesium scaffolds were first fabri-
cated using the sucrose spacer agent with two biomimetic designs (the
filled center design (FCD) and the hollow center design (HCD)) and
then coated using MgF2. The results show that, sucrose is an appro-
priate spacer agent for the fabrication of magnesium scaffolds and has
no side effects. Also, the results of compression test showed that by
changing the design from hollow center to filled, the yield stress and
compressive strength of the filled center scaffolds increased approxi-
mately three times. The results show that MgF2 coating significantly
reduces the degradation rate of magnesium scaffolds for both HCD and
FCD designs. Based on the in vitro results of this study, these new mi-
crostructural designs of magnesium scaffold with MgF2 coating by
having mechanical properties comparable to bone tissue can overcome
the corrosion limitation of magnesium and make it a suitable magne-
sium-based scaffold for bone tissue regeneration.
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