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Abstract: Porous magnesium (Mg) scaffolds are beneficial to biological implantation, but because of the high activity of Mg, the

degradation rate after implantation is too fast, which is not conducive to the formation of new bone. In order to effectively control the

degradation of Mg scaffolds, three different surface coatings, magnesium oxide (MgO), calcium hydrogen phosphate (DCPD) and

stearic acid (SA) on the porous Mg scaffolds was prepared and their effects on the scaffolds were investigated. The surface
composition of the uncoated scaffold and the coatings was confirmed to be pure Mg, MgO, DCPD and SA by energy dispersive
spectrometer (EDS), X-ray diffraction (XRD) and Fourier transforms infrared spectra (FTIR). The results show that SA coating is
smoother and more compact in surface morphology. In vitro degradation in simulated body fluid (SBF) indicates that surface coatings

can effectively slow down the scaffold degradation, while DCPD coating and SA coating are better than MgO coating in resisting the
degradation. The degradation rate of the scaffolds with DCPD and SA coating soaked in SBF is 70% at the 15th week, which provides

a certain period of time for the growth of new bone.
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More and more patients suffer from bone defects, nonunion
and osteomyelitis due to trauma, tumors, bone diseases, etc.
Bone tissue engineering provides an alternative new approach
for the treatment of bone defects. Mg has great advantages in
the application of bone tissue engineering materials because
of its safety!? bioactivity™, degradability™" and mechanical
properties like human bone®”. However, Mg is very active
in chemical properties, its standard electrode potential is low
(-2.37 V)™ so it is easily corroded in body fluids containing
chloride ions”. Therefore, surface treatment of porous Mg
scaffolds is necessary to improve its corrosion resistance, so
that the degradation rate of the scaffold matches the growth
rate of the new bone. At present, the methods for Mg substrate
surface treatment as a biological material mainly include

831" alkali heat treatment™*'®

[17-22]

micro-arc oxidation! , calcium
orthophosphates coating'’*”, natural organic coating™>", etc.
In this study, uncoated porous Mg scaffolds prepared by 3D
gel-printing (3DGP) *°" have the advantages of high solid
loading, low cost, high efficiency, and wide range of
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materials, and are immersed in acid solution to remove
surface impurities which are generated by degreasing and
sintering. MgO coating on the surface of pure Mg scaffolds
was prepared by oxidation in a high temperature furnace.
Oxide coatings have a passivating effect on the corrosion of
Mg, but the preparation of oxide coatings is mostly
electrodeposition”™. And DCPD coating and SA coating of
Mg scaffolds were prepared by chemical deposition. The
preparation of the DCPD coating is easier than other methods
such as electrodeposition and the preparation process is easy
to control. The resulting coating is uniform and has good
adhesion™. The stearic acid coating has no micro-cracks, and
its surface is very smooth, which can provide effective
protection for magnesium from corrosion”*. Compared with
the modification of the magnesium coating previously studied,
the preparation of the coating in this experiment is simple
and the cost is low. The purpose of this study is to find a
more suitable coating against their degradation behavior in
SBEF in vitro.
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1 Experiment

1.1 Experimental materials

According to our previous study™”, the porous uncoated Mg
scaffolds prepared by 3DGP were used as substrate materials
in this study. The viscosity curve of the slurry used in 3DGP is
shown in Fig. la. It shows that the viscosity of the printing
slurry decreases as the shear rate increases, and finally
stabilizes, which allows the slurry to be smoothly extruded at
the needle. The reversibility of shear thinning of the plastic
fluid enables the printing wire to maintain its original shape
without deformation after being squeezed out of the needle,
thereby achieving layer-by-layer printing. The printing
parameters are set as follows: the needle size is 0.7 mm, the
layer height is 0.6 mm, the printing wire moving speed is 10
mny/s, and the printing wire pitch is 0.65 mm. Fig. 1b shows
the substrate material and experimental uncoated Mg
scaffolds. The width of the printing wire is 2 mm, and the pore
diameter is about 2 mm. The experimental scaffolds were
smaller scaffolds with a size of 6 mmx8 mmx 8 mm, which
were cut from the substrate.

Absolute ethanol, concentrated nitric acid, concentrated
hydrochloric acid, calcium nitrate, ammonium dihydrogen
phosphate, chemical oleic acid, stearic acid, chromium
trioxide, silver nitrate, were all AR and came from Sinopharm
Chemical Reagent Co., Ltd. Mg powder (Tangshan Weihao
Magnesium Powder Co., Ltd) and simulated body fluid (SBF,
Beijing Leagene Biotechnology Co., Ltd) were used in this
study. The impurity content of Mg powder used in this study
is shown in Table 1.

The compressive strength and the elastic modulus were
measured by a universal testing machine (Instron 3366).
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Fig.1 Viscosity curve of the printing slurry (a) and images of
uncoated Mg scaffolds (b)

Table 1 Content of impurities in Mg powder (wt%)

Fe Mn Zn Cl Mg
0.045 0.008 0.008 0.004 Bal.

1.2 Surface modification process

Firstly, the experimental scaffolds were polished to 0.5 um
with SiC paper and diamond polishing agent to make the
surface smooth for subsequent surface modification. Uncoated
Mg scaffolds and three different kinds of surface coatings on
porous Mg scaffolds were prepared as follows.

(1) Uncoated Mg scaffolds

The scaffolds were immersed in 5% nitric acid-5%
hydrochloric acid alcohol solution for 1 min, and then placed
in absolute ethanol to be ultrasonically cleaned. Acid
immersion was used to remove oxides and impurities on the
surface of the scaffolds. The uncoated porous Mg scaffolds
were obtained after being dried.

(2) MgO coating

To prepare the surface oxidation coating, the dried uncoated
Mg scaffolds were surface-oxidized in a tube furnace under
the protection of pure argon mixed with trace oxygen
according to the temperature curve shown in Fig.2.

(3) DCPD coating

The deposition solution was a deionized aqueous solution
of 0.01 mol/L Ca(NO,), and 0.0l mol/L NH,H,PO, and the
scaffolds were immersed in the solution for 3 d. The
deposition solution needs to be placed in a water bath to
maintain a constant temperature of 37 °C and replaced every
12 h.

(4) SA coating

The deposition procedure in order to prepare SA coatings
required two-steps. The first step is that Mg scaffolds were
placed in the oleic acid under vacuum condition to improve
the wettability of Mg matrix, and then maintained at room
temperature for 15 min. The second step is that the scaffolds
were immersed in SA at 100 °C for 30 min after being dried.
The sample types are shown in Table 2.

1.3 In vitro biodegradation behavior in SBF

In order to study the degradability and biosafety of the
coated scaffolds, in vitro SBF immersion experiments were
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Fig.2 Relation curve between temperature and oxidation time
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Table 2 Four different kinds of samples

Sample Description
1 Uncoated porous Mg scaffolds
2 Porous Mg scaffolds with MgO coating
3 Porous Mg scaffolds with DCPD coating
4 Porous Mg scaffolds with SA coating

performed. Five samples of the same coated scaffolds were
selected for in vitro SBF degradation testing. Behavior of four
different kinds of samples (uncoated, MgO coating, DCPD
coating and SA coating) was compared.

The scaffolds were immersed in 20 mL simulated body
fluid at 37 °C, and then the mass loss was measured in
degradation experiment in vitro. Before being weighed, the
scaffolds were cleaned with ASTM G1 standard chromic acid
solution (200 g/L CrO, and 10 g/ AgNO,) and thoroughly
dried to remove surface degradation products and residual
liquid.

Remaining mass percentage (P, %) is used to describe the
degradation of the samples. It can be estimated by the
following formula:

i

P i 100%
.= X
W 0

i
o

where W, is the mass of the original sample (g), W, is the mass
of the sample at the i day (g), i is the number of experimental
days when the sample is taken out to be measured.

1.4 Characterization

The surface morphologies of the samples were observed by
scanning electron microscopy (SEM, ZEISS EVO®18, Carl
Zeiss NTS, Germany) and confocal laser scanning microscope
(CLSM, OLYMPUS LEXTOLS4000). The composition and
structure of the coatings were tested by energy dispersive
spectrometer (EDS, LEO1450), X-ray diffraction (XRD,
DMAX-RB) and Fourier transforms infrared (FTIR) spectra
(Nicolet IS50).

2 Results and Discussion

2.1 Properties of Mg scaffold substrate

Table 3 shows the density, compressive strength and the
elastic modulus of uncoated Mg substrate scaffolds and
cancellous bone. As shown in Table 3, the density of Mg
scaffolds is slightly lower than that of cancellous bone, the
compressive strength meets the standard of cancellous bone,
and the elastic modulus of Mg scaffolds is close to that of

Table 3 Properties of uncoated Mg scaffolds and cancellous bone

Property Mg scaffold  Cancellous bone**"!
Density/g*cm™ 0.72+0.07 1.8~2.1
Compressive strength/MPa ~ 8.05+1.28 0.1~16
Elastic modulus/MPa 0.32+0.02 0.5~20
Pore diameter/mm 2.0+0.1 0.4~0.6
Porosity/% 58.6+4.1 40.0~60.0

cancellous bone. The porosity of Mg scaffolds is very close to
that of cancellous bone and its pore diameter is larger than
that of cancellous bone, which is beneficial to the growth of
the bone tissue.

2.2 Morphology and phase identification

Fig.3 shows SEM images and EDS analysis of four diffe-
rent samples. Fig.3a, shows the surface morphology of porous
uncoated Mg scaffolds, and it is obvious that the entire surface
is relatively smooth and sintered from a single original
powder. Fig.3b, shows the surface morphology of surface oxi-
dation coating. A non-densified oxide layer is formed on the
scaffolds surface. Fig. 3c, shows the surface morphology of
DCPD coating. The deposited coating on the scaffolds surface
is an irregular sheet-like and plate-like dense interwoven
structure that is tightly bonded to the substrate. Fig.3a, and
Fig.3b, show that the oxygen content on the coating surface is
significantly increased. It can be seen from Fig. 3c, that
elements such as Ca, P, and O are deposited on Mg scaffolds
surface. Fig. 3d, shows that besides Mg, more O and C
elements appear on the surface. Fig.3d, shows SEM image of
SA coatings; due to the low secondary electron yield of
organic matter under tungsten scanning electron microscopy,
the coating morphology cannot be seen clearly. Therefore, the
laser confocal microscope was used, and the image is shown
in the upper right corner of Fig.3d,. SA coating surface is like
bamboo leaves, which is smoother and more compact, and has
almost no gap with the substrate. The surface of the scaffold is
not very smooth, which is conducive to SA to adhere to the
surface of the scaffold and fill the grooves on the surface of
the scaffold®. SA is hydrophobic and can slow down the
corrosion of the stent in the SBF®”. At the same time, SA is
non-toxic and has good biocompatibility™",

In order to analyze the Mg scaffold surface coatings, XRD
and FTIR analyses were carried out. Fig. 4 shows XRD
analysis of four different samples. The diffraction peaks of the
uncoated scaffolds at diffraction angles of 32°, 34°, and 36°
are typical peaks of Mg (PDF No. 65-0476). Peaks of the
surface oxidation coating have a typical peak of magnesium
oxide at 43° and 62° (PDF No. 65-0476) in addition to Mg
typical peak. Peaks of DCPD coating at diffraction angle of
12°, 34°, 72° are typical peaks of DCPD (PDF No. 72-1240).
As shown in the curve of SA coating, there is no typical peak
of SA, but typical Mg peaks at diffraction angles of 34° and
36° are found. To further confirm the composition of the
coating, the samples were subjected to FTIR spectrum.

Fig. 5 shows FTIR spectra curves of the samples. Com-
bined with EDS and XRD, it can be found that there is no
other phase on the surface of the uncoated sample. As shown
in the spectrum of surface oxidation coating, the peaks at
501 cm™ can be attributed to MgO. From the spectra of EDS,
XRD and FTIR of sample 2, it can be concluded that surface
coating is magnesium oxide. The spectrum of the DCPD
coating is in accordance with the standard FTIR spectrum of
CaHPO, 2H,0. The absorbance bands of 3545 and 3480 cm'
are for crystal water of CaHPO,2H,0". The peak at
1646 cm™ is for H-O-H. The presence of bands at 1135 and
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Fig.3 SEM images and EDS spectra of the samples: (a,, a,) uncoated scaffold, (b, b,) surface oxidation coating, (c,, ¢c,) DCPD coating,

and (d,, d,) SA coating
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Fig4 XRD patterns of different coating samples

1211 ecm™ is related to the P=0O stretching modes and the band
at 1058 cm™ is due to the P=0 bending vibrations. The peaks
of 983, 875 and 789 cm’ can be attributed to P-O-P
asymmetrical stretching modes™. The peaks of 651, 575 and
520 cm™ are related to (H-O-) P=O"". From the spectra of
EDS, XRD and FTIR of sample 3, it can be concluded that
DCPD coating is deposited on the substrate. The spectrum of
SA coating is in accordance with the standard FTIR spectrum
of stearic acid. The peaks of 2915 and 2847 cm™ are for CH,
and CH, group of SA, respectively. The peak of 1701 cm™ is
for C=0 group of SA™. Also, the peaks of 1463, 1296 and
720 cm™ are typical peaks of CH, of SA. Therefore, it can be
indicated that SA is deposited on the porous Mg scaffolds.
Fig.6 shows cross-sectional morphologies of uncoated and
three different coatings on porous Mg scaffolds. As shown in
Fig. 6a, there is some powder at the boundary of the cross
section of the scaffold. And as shown in Fig.6b and Fig.6d, the
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Fig.5 FTIR spectra of the samples

junction of MgO coating and SA coating is relatively smooth,
and these two coatings cannot be observed under SEM. Fig.6¢
shows that the thickness of DCPD coating is 16~28 um, and
there are a few cracks in the coating, without obvious large
cracks.
2.3 In vitro biodegradation performances in SBF

Fig.7 shows the in vitro degradation curve of four different
samples in SBF. The degradation speed of uncoated sample is
too fast and other three coatings greatly improve the
degradation properties. In the first week after implantation of
the scaffolds, the reduction in the mass of the three scaffolds
with different coatings is similar to a loss rate of about 10%,
but in the second week to eighth week, the degradation of the
three scaffolds with different coatings is gradually different.
The mass of the oxidized scaffolds is rapidly decreased and
only 20% of the original mass is remained at the 8th week.
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Fig.7 In vitro degradation curves of the samples in SBF

The mass loss of the scaffolds with DCPD coating and SA
coating is significantly slower which is 40% at the 8th week.
After 8 weeks, the degradation of the three kinds of scaffolds
with different coatings becomes stable. The degradation of the
scaffolds is consistent with the surface morphology analysis of
the coating shown in Fig.3. It can be seen from Fig.3b, that
there are large oxidation pits between the formed surface
oxide coatings and the structure is relatively loose, which
cannot completely isolate the scaffold from reacting with SBF.
However, compared with Fig.3a,, the area in contact with SBF
is greatly reduced, so the degradation rate slows down. It can
be seen from Fig.3c, and Fig. 3d, that the coating layer is
needle-shaped, which is denser than the surface oxidation
coating and can effectively reduce the degradation rate.
Fig.8a,~8d, show that the scaffolds with different coatings
immersed in SBF solution in vitro at initial state. The ratio of
the scaffold mass to the SBF volume is 0.1:6. Table 4 shows
the mass of four different kinds of scaffolds and the SBF
volume. As shown in the red mark of Fig.8a,, black powder
appears on the surface of the scaffold, which is caused by
degradation in the SBF. As shown in the red mark of Fig.8b,,
the surface of the scaffold produces many small bubbles in the
SBF, which indicate that the oxide coating is loose. As shown
in the red mark of Fig.8c,, the surface of the scaffold has no
reaction, indicating that the DCPD coating deposition is
uniform and dense. As shown in the red mark of Fig.8d,, the
scaffold floats on the liquid surface, which is due to the lower
density of SA (0.847g/cm’), and the surface of the scaffold has
also no reaction, indicating that the SA coating deposition is

Fig.8 Scaffold uncoated immersed in the SBF at initial state (a,) and
for 1 min (a,); scaffolds with different coatings immersed in
SBF solution at initial state (b,~d,) and for 2 weeks (b,~d,):
(a,, a,) uncoated scaffold, (b,, b,) surface oxidation coating,
(c,, ¢,) DCPD coating, and (d,, d,) SA coating

Table 4 Mass of four different scaffolds and SBF volume

Sample Scaffold mass/g  SBF volume/mL
Uncoated 0.142 8.5
Surface oxidation coating 0.155 9.3
DCPD coating 0.161 9.6
SA coating 0.132 7.9

also uniform and dense.

Fig.8a, shows the uncoated scaffold immersed in the SBF
for 1 min and Fig. 8b,~8d, show three different coated
scaffolds immersed in SBF solution for 2 weeks. As shown in
Fig. 8a,, the scaffold is completely degraded to powder and
loses its mechanical strength. As shown in Fig.8b,, small part
of the scaffold with the surface oxidation coating is broken in
the SBF but the overall scaffold still has certain strength,
which indicates that the corrosion is uneven due to the
unevenness of the oxidation coating surface. As shown in
Fig. 8¢, and 8d,, the outline of the scaffolds with DCPD
coating and SA coating becomes smoother at the edges, which
means that the edges and corners are more likely to corrode,
and the corrosion is relatively slow in the smooth areas.

In vitro biodegradation property in SBF of Mg scaffolds is
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improved significantly via depositing DCPD coating and SA
coating. In vitro biodegradation property in SBF of Mg
scaffolds with SA coating is slightly better than with DCPD
coating.

3 Conclusions

1) For the Mg scaffold, its surface oxidation coating is
loose, DCPD coating is an irregular sheet-like and plate-like
dense interwoven structure and SA coating is a smooth and
compact bamboo leaf structure.

2) Compared with the uncoated Mg scaffolds, other three
types of coatings can effectively slow down the degradation
rate of Mg scaffolds, and DCPD and SA coatings are better
than the surface oxidation coating.

3) In the first week after implantation of the scaffolds, the
reduction in the mass of the three scaffolds with different
coatings is similar, with a loss rate of about 10%, but in the
second week to eighth week, the in vitro degradation in SBF
of the three scaffolds with different coatings is gradually
different. The degradation of the scaffolds with SA coating is
slightly better than that of the scaffolds with DCPD coating,
and the remaining mass is about 40% of the initial value at the
8th week. After 8 weeks, the degradation of the three types of
coatings becomes stable. It is obvious that the surface coatings
of Mg scaffolds can effectively slow down the in vitro
degradation rate in SBF and provide a certain period of time
for the growth of new bone.
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