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ABSTRACT

Bone tissue engineering is the main method for repairing large segment bone defects. In this study, a layer of
bioactive MgO nanoparticles was wrapped on the surface of spherical Zn powders, which allowed the MgO
nanoparticles to be incorporated into 3D-printed Zn matrix and improved the biodegradation and biocompati-
bility of the Zn matrix. The results showed that porous pure Zn scaffolds and Zn/MgO scaffolds with skeletal-
gyroid (G) model structure were successfully prepared by selective laser melting (SLM). The average porosity
of two porous scaffolds was 59.3 and 60.0%, respectively. The pores were uniformly distributed with an average
pore size of 558.6-569.3 pm. MgO nanoparticles regulated the corrosion rate of scaffolds, resulting in a more
uniform corrosion degradation behavior of the Zn/MgO scaffolds in simulated body fluid solution. The degra-
dation ratio of Zn/MgO composite scaffolds in vivo was increased compared to pure Zn scaffolds, reaching 15.6%
at 12 weeks. The yield strength (10.8 + 2.4 MPa) of the Zn/MgO composite scaffold was comparable to that of
cancellous bone, and the antimicrobial rate were higher than 99%. The Zn/MgO composite scaffolds could better
guide bone tissue regeneration in rat cranial bone repair experiments (completely filling the scaffolds at 12
weeks). Therefore, porous Zn/MgO scaffolds with G-model structure prepared with SLM are a promising
biodegradable bone tissue engineering scaffold.

1. Introduction

in the human body, Zn plays a crucial role in the immune and nervous
systems [4,5]. Moreover, Zn is an essential trace element and a cofactor

The treatment of large segment bone defects requires suitable bone
replacement materials, which should have good biocompatibility and
mechanical properties, as well as appropriate biodegradability. In recent
years, biodegradable metal materials have attracted much attention as
materials for repairing large segment bone defects due to their excellent
mechanical properties [1]. Degradable metal materials mainly include
Mg, Zn and Fe. Since 2010, applications of biodegradable zinc (Zn) and
Zn alloys have attracted attention [2,3]. As a universal trace element in
the human diet and the second most abundant transition metal element
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of many enzymes and plays a crucial role in regulating the formation of
proteins and nucleic acids [6,7]. Zn has a standard electrode potential of
—0.76 V, intermediate between those of Fe (—0.44 V) and Mg (—2.38 V)
[8], so Zn-based materials exhibit moderate degradation rates compared
to Mg-based and Fe-based materials. The degradation products of Zn are
biocompatible and can perform biological functions in the human body.
In addition, Zn degrades into Zn?*, and ionic Zn is also known as the
“calcium of the 21st century” [9] because of the growing awareness of its
important functional role in physiological and biological systems [10].
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Compared with the rate of bone repair, the degradation rate of Zn is
still slow, so porous Zn scaffolds more easily to match the necessary
degradation rate of biodegradable implants for clinical purposes [11,
12]. The scaffold can greatly increase the contact area between the
material and body fluid, effectively promote the transport of nutrients
and the growth of bone tissue, and achieve a better degradation rate for
degradable implants. However, the biocompatibility of Zn is not high
enough, and the bone-promoting activity is significantly lower than that
of Mg and its alloys, so researchers have made many attempts to improve
the biocompatibility of Zn alloys. Mg is considered a functional element
with good biosafety that can promote bone regeneration by inducing
neurons to produce the calcitonin gene and related peptides [13].
Therefore, the addition of Mg to Zn alloys can improve the cyto-
compatibility of Zn alloys [14,15] and enhance the healing process of
bone [16,17]. Tang et al. [14] studied the biocompatibility of Zn-Cu
alloys with different Mg contents and found that the biocompatibility of
Zn-Cu-xMg (x = 0, 0.1, 0.5 and 1.0 wt.%) alloys increased with the
addition of Mg. Li et al. [15] studied the biocompatibility of Zn-1Mg
binary alloy, and the results showed that compared with pure Zn and the
negative control group, Zn-1Mg alloy significantly improved the activ-
ity of MG63 cells and promoted their proliferation. In addition, uneven
degradation patterns of Zn-based materials in the physiological envi-
ronment may lead to premature loss of mechanical integrity, high local
ion concentrations, inflammation, and even implant material failure
[18]. Therefore, a key aspect of research on biodegradable Zn materials
is to change their degradation mode from inhomogeneous to uniform
[19,20].

Bioactive ceramics have been widely used in bone repair materials
because of their good bioactivity. For instance, Khalajabadi et al. [21]
improved the bio-corrosion properties of a Mg/HA-based composite by
the addition of various amounts of HA and periclase MgO nanoparticles.
Sahmani et al. [22] significantly improved the mechanical properties
and bioactivity of HA-MgO composite scaffolds by adding different
weight fractions of MgO nanoparticles. In addition, the combination of
biodegradable metals and bioactive ceramics has become a new idea to
develop bone repair materials with both mechanical and biological ac-
tivities. For example, the addition of bioactive ceramics such as hy-
droxyapatite (HA) and tricalcium phosphate (TCP) to Zn alloy as
reinforcement can not only further regulate the mechanical properties of
Zn alloy but also improve the osteogenic activity of the composite ma-
terial, resulting in a bone repair composite material with potential worth
researching. Yao et al. [23] prepared biodegradable Zn-1 wt.% Mg-n vol.
% B-TCP (n = 0, 1, 3, 5, 10) composites by the hot-pressing sintering
method. The degradation rate and cytocompatibility of the composites
increased with increasing B-TCP content. Pan et al. [24] and Lu et al.
[25] prepared Zn-1Mg-xTCP (x-0,1,3,5 vol.%) composite materials by
casting. The research results showed that the biocompatibility and me-
chanical properties of the Zn-1Mg-1 vol.% p-TCP composite material are
superior to those of the Zn-1Mg alloy. In addition, MgO as a bioactive
ceramic reinforcement can significantly enhance the mechanical prop-
erties and corrosion resistance of Mg alloys. MgO can also be completely
degraded to produce the same product as Mg in vivo [26]. Mg?" will be
produced after MgO degradation, which can promote the induction of
bone formation. Tang et al. [27] added 0.3 wt.% MgO particles to
Mg-3Zn-0.2Ca alloy, and the results indicated that the mechanical
properties, corrosion resistance and cytocompatibility = of
Mg-3Zn-0.2Ca/0.3 wt.% MgO composites were superior to those of
Mg-3Zn-0.2Ca alloy. Goh et al. [28] added MgO particles with different
contents (0, 0.5, 0.75, 1.0 vol.%) to pure Mg, indicating that MgO
nanoparticles can significantly enhance the hardness, yield strength and
ultimate tensile strength of Mg materials. Khalajabadi et al. [29] pre-
pared Mg-HA-MgO composites by powder metallurgy technology. The
addition of MgO nanoparticles significantly reduced the porosity around
the HA aggregates and ultimately improved the ductility and corrosion
resistance of Mg/HA composites. In addition, Lei et al. [26] found that
the mechanical properties and corrosion resistance of Mg matrix
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composites were enhanced by adding MgO ceramics as reinforcement by
in situ reactive sintering technology. The above methods achieved
positive results, but they involved adding MgO nanoparticles to Mg al-
loys. There are few studies on the addition of MgO ceramic nanoparticles
to Zn alloys. Kumar et al. [30] prepared Zn/MgO composites by powder
metallurgy technology, and the results indicated that the addition of an
appropriate amount of MgO nanoparticles can reduce the grain size and
improve the hardness and corrosion resistance of the composites.
However, the biological properties of Zn/MgO composites in vitro and in
vivo have not been studied.

A triply periodic minimal surface (TPMS) function is a periodic
surface function with zero mean curvature at any point on the surface
[31], which has smooth surfaces and highly connected pores. The
overall structure is precisely controlled by an implicit function, which is
an excellent solution for designing and modeling porous structures.
TPMS structures have advantages over conventional porous structures in
terms of structural efficiency and are receiving increasing attention.
Among them, the Gyroid model exhibits a topology similar to that of
human bone trabeculae and has potential in orthopedic bone replace-
ment [32]. Among the many TPMS designs, the Gyroid structure shows
advantages in terms of mechanical properties and permeability.

This study was designed to wrap bioactive MgO nanoparticles on the
surface of spherical Zn powder by ball milling treatment, so that they
can be incorporated into the Zn matrix by laser melting during 3D
printing. Due to the unmatched interfacial relationship between Zn
matrix and MgO nanoparticles, the body fluid is more easily to penetrate
through the micropores around the MgO nanoparticles during in vivo
and in vitro corrosion, preferentially reacting with Cl~, releasing Mg2"
and forming in-situ pores, which increases the bioactivity and osteo-
genic capacity of the composite, and accelerates the corrosion rate. This
is the innovation of this research work, which provides a new idea for
the application of Zn and its alloy scaffolds in the field of bone tissue
engineering.

2. Materials and methods
2.1. Mixing and characterization of Zn powder and MgO powder

Spherical Zn powder is from Hunan New Welllink Advanced Metallic
Material Co., Ltd. MgO nanoparticles with an average particle size of
49.9 nm (as shown in Fig. S1) was manufactured by a hydrothermal
method, which was also reported in the literature [33]. Spherical Zn
powder and MgO nanoparticles were uniformly mixed by a ball mill
(QM-3SP4). The ratio of spherical Zn powder to MgO nanoparticles was
499:1 mass percentage. One hundred grams of mixed powder was added
to each ball mill tank, and approximately 12 mL of anhydrous ethanol
was added to the mixed powder before ball milling to prevent oxidation
of the Zn powder during the milling process. The frequency and time of
ball milling are set to ensure that the spherical Zn powder and MgO
nanoparticles were fully and evenly mixed and to prevent the sphericity
of the spherical Zn powder from being damaged.

2.2. Preparation for 3D-printed pure Zn and Zn/MgO composite scaffolds

The G model was designed by computer aided design (CAD) soft-
ware, where the designed porosity is 76% and the monomer edge length
is 1200 mm (corresponding pore size is 0.77 mm). The 3D model data
saved in STL format were imported into the BLT-S200 series 3D metal
printer (Xi’An Bright Laser Technologies Co., Ltd). Pure Zn scaffolds and
Zn/MgO composite scaffolds were printed by pure Zn spherical powder
and Zn matrix composite powder treated by ball milling, respectively.
The laser scanning speed was 1100 mm/s, the laser power was 120 W,
the powder laying method was one-way powder laying, and the single
powder thickness was 0.02 mm. Argon gas was injected into the printing
process for protection to eliminate the negative effects of evaporation
and other harmful gases. The final cube of 9.6 mm x 9.6 mm x 9.6 mm
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was prepared for in vitro experiments and in vivo implantation. After
printing, the specimen was removed from the Zn substrate by wire-
cutting and then ultrasonically cleaned with anhydrous alcohol to
remove excess powder from the scaffold hole.

2.3. Morphological characterization of pure Zn and Zn/MgO composite
scaffolds

The spherical Zn powder before and after ball milling was tested by
scanning electron microscope (SEM, Quanta FEG 250, USA) to measure
and calculate the average particle size of the spherical Zn particles and
to observe whether the MgO nanoparticles were uniformly mixed with
the spherical Zn powder after ball milling. The actual porosities of the
pure Zn scaffold and Zn/MgO composite scaffold were measured by the
mass method [34,35]. The actual pore sizes of the pure Zn scaffold and
the Zn/MgO composite scaffold were measured and counted by Nano
Measurer software. The microstructures of the pure Zn and Zn/MgO
composite were observed by scanning electron microscope (SEM,
Quanta FEG 250, USA), and the spherical Zn particles and MgO nano-
particles as well as the composition of the second phase were quanti-
tatively analyzed by energy dispersive spectrometry (EDS, Quanta FEG
250, USA).

2.4. Mechanical tests

The dimensions of the compressed specimen were 9.6 mm x 9.6 mm
x 9.6 mm. The compression test was carried out at room temperature
with a universal testing machine (DDL50, China) with a compression
speed of 0.5 mm/min. There were 3 parallel samples in each group. The
quasielastic modulus [36] (referred to as the elastic modulus) was
determined by the cross head displacement of the initial linear slope of
each sample, and the yield strength was calculated by the 0.2% migra-
tion method [37]. A micro-Vickers hardness tester (HMV-2T) was used
to test the hardness values of the pure Zn scaffold and the Zn/MgO
composite scaffold.

2.5. Invitro degradation experiment

In vitro immersion tests were performed according to ASTM G31-
2012a. The ratio of surface area between the immersed solution and
the porous sample is 20 mL/cm? [38]. The porous pure Zn and Zn/MgO
composite scaffold samples were immersed in simulated body fluid
(SBF) at 37 °C for 30 days. During the test, the temperature was
controlled at 37.0 £+ 0.5 °C using a constant temperature oscillating
water bath (WE-4, China). The SBF was updated every two days to
simulate human circulation, bringing the solution close to the ion con-
centration in the body [39]. After immersion for 30 days, the samples
were gently rinsed with anhydrous ethanol, dried at room temperature
and stored under vacuum. The corrosion products of the samples were
removed with chromic acid solution, dried and weighed. The corrosion
rates (CR) of the samples on Days 10, 20, and 30 were calculated ac-
cording to Formula (1):

my — nm

T

CR (€Y
where m is the original mass of the sample, m; is the mass of the sample
after removing the corrosion product, and T is 10 days, 20 days, and 30
days.

2.6. Antibacterial experiment

The antibacterial activity of the pure Zn scaffold and the Zn/MgO
composite scaffold was evaluated against gram-positive Staphylococcus
aureus (S. aureus) and gram-negative Escherichia coli (E. coli). Ten mi-
croliters of bacterial solution was placed in a test tube, and 1 mL of
deionized water was added. The sample was also placed in the test tube
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and incubated together with the bacterial solution in a shaker at 37 °C
for 24 h. Then, the incubated mixed solution was diluted 1 million times
with deionized water, and 100 pL of the diluted mixed solution was
dropped on an AGAR plate for spin coating. The AGAR plate was
cultured in an incubator at 37 °C for 24 h. Finally, the AGAR plate was
removed and photographed. To observe the morphologies of bacteria,
the samples were fixed with 2.5 vol.% glutaraldehyde, immersed in
anhydrous ethanol and tert-butanol solution, and then vacuum freeze-
dried. The morphologies of the bacteria were observed under an
ultrahigh-resolution scanning electron microscope (SEM, Verios 460 L,
America). The antibacterial rates (AR) of the pure Zn scaffold and the
Zn/MgO composite scaffold samples were calculated by Formula (2):

NC, — NC,

AR =
NG,

x 100% (2)

where NCj, is the number of colonies in the blank group and NG is the
number of colonies in the experimental group.

2.7. Direct cell coculture experiment

MC-3T3 cells were cultured with a-MEM (containing 10% FBS,
Gibco, 100 U/mL Pen and 100 pg Str. Genview) in a humid environment
at 37 °C and 5% COs,. The pure Zn scaffold and the Zn/MgO composite
scaffold samples were sterilized by UV irradiation for 12 h on both sides
prior to cell inoculation and then immersed in a-MEM at 37 °C for 3 days
(pretreatment). After 3 days, the medium was removed, and MC-3T3
cells (2.0 x 10* cells/mL) were seeded on the surface of the pretreat-
ment sample for 48 h and then washed with PBS solution three times and
in 4% paraformaldehyde (PFA, AR-0211, China) for 30 min. The fixed
cells were dehydrated by a gradient of ethanol solution with concen-
trations of 50%, 70%, 90% and 100% and then treated with gold spray
after air drying. The morphologies and adhesion of the cells were
observed by SEM. In addition, the untreated samples were directly
rinsed twice with PBS and a-MEM and then observed for cell adhesion
after the above cell coculture steps were used as controls. The cells of
pretreated samples were treated with Triton X-10 (Dingguo, China).
Subsequently, the F-actin and nuclei were stained with FITC (DH127-1,
China) and DAPI (CAS#: 28718-90-3, Genview) and then observed with
a confocal laser scanning microscope (Olympus FV1000, Japan).

2.8. In vivo skull repair experiment

Forty-five 8-week-old 250 g male SD rats were randomly divided into
3 groups (SD rats were provided by SPF (Beijing) Biotechnology Co.,
Ltd.). The following groups were set up: (1) blank group (the bone defect
area was not filled with scaffolds), (2) Zn group (the bone defect area
was filled with the pure Zn scaffold), and (3) Zn/MgO group (the bone
defect area was filled with the Zn/MgO composite scaffold). Fig. S2
shows the establishment of the skull defect model and scaffold implan-
tation operation in SD rats. Fasting and water abstinence were per-
formed for 12 h before the operation, and the rats were given general
anesthesia with 5% w/v chloral hydrate before the operation. A full-
layer skull defect model with a diameter of 5 mm was made by using
a trephine with a 5 mm outer diameter drilled into the left side of the
sagittal suture of the skull with a low-speed drilling machine. Pure Zn
scaffolds and Zn/MgO composite scaffolds of ®5 x 1 mm were
implanted, and the blank group was not treated. All rats were sutured.
The samples were observed at 2, 4, 8 and 12 weeks after implantation.
The heart, liver, spleen, lung, kidney and blood were taken under gen-
eral anesthesia at 2, 4, 8 and 12 weeks. The SD rats were killed by an
overdose of anesthesia, and their skulls were removed. After the internal
organs were fixed, embedding, sectioning, and HE staining were per-
formed to determine the toxicity of the different scaffolds to the internal
organs in vivo. The skull was reconstructed with micro-CT (Sky-
Scanl1276 , Bruker), and a 3D model of the implanted scaffold was
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constructed. The bone tissue at the scaffold site was fixed and dehy-
drated by an ethanol gradient. Then, the specimen was embedded in
paraffin. After 3 weeks, the cured specimen was removed, and the hard
tissue was sliced. Then Masson staining (Servicebio, Code: G1006) was
utilized to observe the formation of new bone around the specimen with
a microscope.

2.9. Statistical analysis

In this work, the results of in vivo biocompatibility experiments are
presented as an average + SD. Two-way ANOVA by GraphPad Prism
software revealed significant differences between the data for different
groups. p < 0.05 was considered to indicate statistical significance.

3. Results
3.1. Characterization of Zn-MgO mixed powder

Fig. 1a shows the SEM image of spherical Zn powder. It can be seen in
Fig. 1a that the sphericity of the spherical Zn powder is high, and the size
distribution is very uniform. The particle size of spherical Zn powder
was calculated and is quantitatively presented in the form of a histogram
in Fig. 1b. According to the particle size distribution in Fig. 1b, the
average particle size of spherical Zn powder is 27.93 + 0.76 pm, of
which 10% is 16.58 pm, 50% is 25.77 pm, and 90% is 36.68 pm.
Therefore, it meets the powder standards for normal selection laser
melting.

Fig. S3 shows the mixed print powder after treatment with different
mixing parameters. It can be seen that when the frequency was 15 Hz,
the ball milling treatment for 15 min, 10 min and 5 min affected the
sphericity the Zn powder due to the fast rotational speed. When the
frequency was 10 Hz, the ball milling treatment for 15 min had a small
effect on the sphericity of the Zn powder, and when the ball milling was
done for 10 min, the sphericity of the ball milled powder was similar to
the shape of the original spherical Zn powder. By adjusting the

Fig. 1. (a-b) The SEM images and particle size distribution of spherical
mixed powders.
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frequency and ball milling time through the ball mill, the optimum ball
milling parameters were derived, i.e., when the frequency was 10 Hz
and the ball milling time was 10 min, the sphericity of the printed
powder could be maintained similar to that of the original spherical zinc
powder. And this ball milling parameter was used to obtain the printing
powder for 3D-printed Zn/MgO composite scaffolds. Fig. 1c-h indicate
the EDS element mapping images of spherical Zn powder particles mixed
with MgO nanoparticles. It is obvious from the EDS analysis that MgO
nanoparticles are uniformly coated on the surface of spherical Zn pow-
der particles after ball milling. There are Zn, Mg and O elements on the
surface of spherical Zn powder particles (Fig. 1e), in which the per-
centage content of Mg and O elements is 20.12 at.% and 29.19 at.%,
respectively, and the rest is Zn, accounting for 50.69 at.% of the per-
centage ratio. The content of O is approximately 9 at.% higher than that
of Mg, indicating that slight oxidation (ZnO formation) occurs on the
surface of zinc powder during the ball milling process.

3.2. Structure and mechanical properties of porous scaffolds

Fig. S4 shows the designed G model and Fig. 2a-b shows the printed
scaffolds. The results elucidated the excellent printability and integrity
of the pure Zn scaffolds and the Zn/MgO composite scaffolds without
broken struts and interlayer delamination. From the microstructure of
the Zn/MgO composite scaffolds shown in Fig. 2¢, it can be seen that the
MgO nanoparticles are aggregated into larger particles of 200-400 nm
distributed at the grain boundaries of the Zn matrix. The EDS analyses
confirm that point A and point B are Zn matrix and MgO particles,
respectively. Although the L-PBF process provides extremely high tem-
peratures and a strong Marangoni effect, some micropores are still
observed the interface between the MgO nanoparticle and the Zn matrix,
even among the MgO nanoparticles (as indicated by the red arrow in
Fig. 2¢). The actual porosity and pore size of the printed scaffolds are
statistically shown in Fig. 2d. It was observed that the actual porosity of
the Zn/MgO composite scaffold was 60.0 + 1.2%, and that of the pure
Zn scaffold was 59.3 + 1.8%. In other words, the relative density of the
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Fig. 2. Characterization and mechanical properties of the printed scaffolds. (a) The digital image of the pure Zn scaffold, (b) the digital image of the Zn/MgO
composite scaffold, (c) the microstructure and the EDS analysis of the interface between the MgO and Zn matrix of Zn/MgO scaffolds, (d) the measured porosity and
pore size of scaffolds, (e) the measured density of scaffolds, (f) compressive stress—strain curve, (g) yield strength and micro-Vickers hardness. (**p < 0.01, ns: p

> 0.05).

Zn/MgO composite scaffold is slightly lower than that of the pure Zn
scaffold, which is also confirmed in Fig. 2e. Furthermore, the presence of
these micropores (in Fig. 2c) led to a lower actual measured density than
the theoretical apparent density of the Zn/MgO composite scaffolds.
Compared with the pure Zn scaffold, the porosity of the Zn/MgO com-
posite scaffold is closer to the designed porosity (76%), and the pore size
of the Zn/MgO composite scaffold is closer to the designed pore size
(0.77 mm). This can be attributed to the increase in the size of the pillar
measured by the experiment compared to the designed value [40]. The
printing error of the Zn/MgO composite scaffold is smaller than that of
the pure Zn scaffold. The reason may be that during the 3D printing
process, the adhesion of the MgO nanoparticles on the surface of the
spherical Zn powder prevents the adhesion of the melted Zn powder and
the unmelted Zn powder. The existence of printing errors also indicates
the shortcomings of 3D-printed Zn: the low melting point, high vapor
pressure and oxidation sensitivity of Zn reduce printing accuracy [41].

Fig. 2f shows the compressive stress—strain curves of the pure Zn
scaffold and the Zn/MgO composite scaffold. The scaffold exhibits
stress—strain behavior typical of porous materials and reflects three

76

states of cancellous bone, namely, the linear elastic region, plastic
plateau region and densification region [42]. Fig. 2f indicates that the
stress-strain curves of the pure Zn scaffold and the Zn/MgO composite
scaffold show a similar trend. The elastic modulus of the pure Zn scaffold
and the Zn/MgO composite scaffold was 0.323 + 0.010 GPa and 0.365
=+ 0.005 GPa, respectively. Fig. 2g shows the yield strength and Vickers
hardness values of the pure Zn scaffold and the Zn/MgO composite
scaffold. The Vickers hardness values of the pure Zn scaffold and the
Zn/MgO composite scaffold were 52.78 + 2.39 HV and 60.93 + 7.22
HV, respectively. This indicates that the addition of MgO nanoparticles
improves the hardness of printed pure Zn scaffolds. The yield strength of
the pure Zn scaffold and the Zn/MgO composite scaffold was 10.6 + 0.5
MPa and 10.8 + 2.4 MPa, respectively. These values are within the
typical compressive strength range of cancellous bone (0.1-16 MPa)
[43,44]. In addition, Fig. 2f indicates that the distribution of stress and
strain is uniform throughout the G model structure. When applied, the
adhesive cells will be subjected to more equal stress stimulation
throughout the structure, which may facilitate cell response to the ma-
trix [45].
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3.3. Invitro degradation behavior

To compare the degradation of the pure Zn scaffold and the Zn/MgO
composite scaffold, the corrosion morphologies and degradation rates of
the two scaffolds were observed. Fig. 3a—f shows the macroscopic
morphologies of the corrosion products of the pure Zn scaffolds and the
Zn/MgO composite scaffolds immersed in SBF solution for 10 days, 20
days and 30 days. As shown in Fig. 3a-f, the pure Zn scaffold corrodes
from the vertex position first in SBF solution, and with the extension of
immersion time, the corrosion products are deposited and gradually
increase, so the corrosion products are concentrated in each vertex re-
gion of the scaffold. In contrast, the Zn/MgO composite scaffold pref-
erentially corrodes from the surface of the sample in SBF solution, and
with increasing time, the corrosion products also gradually increase. By
the 30th day, the corrosion products are mostly deposited on certain
outer surfaces of the scaffold. The scaffolds of the two materials exhibit
different corrosion patterns. The pure Zn scaffold tended to exhibit
pitting corrosion, while the Zn/MgO composite scaffolds tended to
exhibit surface corrosion. The Zn/MgO composite scaffolds corroded
more uniformly than the pure Zn scaffolds. Fig. 3g-h shows the
macroscopic morphologies of the removal products of the pure Zn
scaffolds and the Zn/MgO composite scaffolds after 30 days of immer-
sion. From Fig. 3g-h, it can be seen that the pure Zn scaffold has some
pitting pits after 30 days of degradation, indicating that it undergoes
inhomogeneous pitting in SBF solution, resulting in a large corrosion
rate for the pure Zn scaffolds. In contrast, the Zn/MgO composite scaf-
fold shows structural integrity on the macroscopic level without obvious
pitting pits at 30 days indicates that it undergoes more homogeneous
corrosion in the SBF solution. The addition of MgO nanoparticles
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transforms the corrosion of Zn from pitting corrosion to more uniform
corrosion, which also enables the Zn/MgO composite scaffolds to exhibit
a long-term mechanical load-bearing effect throughout the implantation
process. From the monitored pH during immersion in Fig. 3i, it can be
seen that the pH of the Zn scaffolds showed a relatively uniform in-
crease. Whereas the pH of the Zn/MgO scaffolds increased at a faster
rate in the early stage, the rate slowed down by day 15 and was lower
than the pH of the Zn scaffolds by day 26. Fig. 3j shows that the
corrosion rates of the pure Zn scaffold immersed in SBF solution for 10
days, 20 days and 30 days are 1.8 mg/day, 3.7 mg/day and 4.6 mg/day,
respectively, while those of the Zn/MgO composite scaffold are 2.3 mg/
day, 2.9 mg/day and 2.3 mg/day, respectively. The corrosion rate of the
pure Zn scaffold increases with time, whereas the corrosion rate of the
Zn/MgO composite scaffold first increases and then decreases with time.
Moreover, the average corrosion rate of Zn/MgO scaffolds was higher
than that of Zn scaffolds during the first 10 days of degradation. The
average degradation rate of Zn/MgO scaffolds slowed down by days 20
and 30. This indicated that the formed Ca—P products blocked the pores
of the Zn/MgO scaffolds after 10 days, which led to a much lower
corrosion rate being calculated at a later stage.

The microscopic corrosion morphology of the scaffolds is shown in
Fig. S5, where the Zn scaffolds showed slatted corrosion products on the
surface after 30 days of immersion with a few interspersed nano
spherical particles. The Zn/MgO scaffolds were all characterized by
denser submicron spherical particles on the surface. After EDS (Fig. S5e)
analysis, the slatted corrosion products (Point A) were identified as ZnO
and the spherical particles (Point B and C) were identified as Ca-P
products. Thus, the degradation of Zn/MgO scaffolds is faster in the
early stage and slower in the later stage. This is due to the fact that more
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Fig. 3. In vitro degradation behavior of the scaffolds. (a—f) The digital images of the scaffolds with corrosion products, (g-h) the digital image of removal products
after 30 days of immersion, (i) pH value of scaffolds during immersion, (j) corrosion rates after 10, 20, and 30 days of immersion.
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Ca-P products are deposited on the surface of the Zn/MgO scaffolds,
hindering the entry of body fluid into the interior of the scaffolds at later
stages.

3.4. Antibacterial properties

As shown in Fig. 4a—f, the antibacterial susceptibility of the pure Zn
scaffold and the Zn/MgO composite scaffold materials evaluated against
E. coli and S. aureus were tested in AGAR plate medium. AGAR plate
medium without either material was used as a blank control group.
Fig. 4k-1 shows the antibacterial rates of the two materials against
different bacteria. The antibacterial rates of all samples reached more
than 99%, except that the antibacterial rate of the pure Zn scaffold
against S. aureus was 76%. The results showed that both the pure Zn
scaffold and the Zn/MgO composite scaffold had good antibacterial ef-
fects, and the antibacterial activity of the Zn/MgO composite scaffold
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was higher than that of the pure Zn scaffold. The reason is that MgO
nanoparticles can easily enter bacteria and provide a high surface area
for interactions that hinder bacterial growth mechanisms [46,47]. In
addition, MgO nanoparticles can induce lipid peroxidation of the bac-
terial membrane and destroy the peptide bond structure of the bacterial
membrane, resulting in bacterial membrane damage and the leakage of
substances in the bacteria, thereby rapidly killing them [48].

Fig. 4g—j shows the morphologies of E. coli and S. aureus on the
surface of the pure Zn scaffold and the Zn/MgO composite scaffold after
coculture with bacterial solution for 24 h. It was observed that only a
small number of bacteria adhered to the surface of the pure Zn scaffold
and the Zn/MgO composite scaffold, and both E. coli and S. aureus had
irregular shapes and folded bacterial membranes. The results showed
that both Zn?* and MgO nanoparticles could inhibit bacterial adhesion
and biofilm formation.
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Fig. 4. Antibacterial susceptibility tests for E. coli and S. aureus. (a—f) Distribution of colonies on AGAR plates, (g—j) morphologies of bacteria on the surface of the
pure Zn scaffold and the Zn/MgO composite scaffold when cocultured with bacterial solution for 24 h, (k-1) antibacterial rates of pure Zn scaffolds and Zn/MgO

composite scaffolds against both bacteria (***p < 0.001).
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3.5. In vitro biocompatibility

The adhesion behavior of adhesive cells usually determines their
activity and function [49]. Fig. 5a—d shows the cell morphologies of the
pure Zn scaffold and the Zn/MgO composite scaffold after coculture
with MC-3T3 cells. On the untreated surface, the cells on the pure Zn
scaffold and the Zn/MgO composite scaffold were nearly spherical,
indicating that the cells had lost activity. On the pretreated surface, the
cells on both the pure Zn scaffold and the Zn/MgO composite scaffold
had pseudopods extending outward, indicating that the cells were in
good condition. Compared with pure Zn scaffolds, Zn/MgO composite
scaffolds showed more cell adhesion, better expansion and longer
extension of pseudopods. This is due to the reaction of the scaffold with
o-MEM to generate ZnO and Zn(OH); during the in vitro pretreatment
process, as well as the deposition of a small amount of Ca-P particles on
the scaffold surface. These reasons led to the enhancement of the

Bioactive Materials 37 (2024) 72-85

biocompatibility of the scaffold, and both cell adhesion and growth on
the scaffold were enhanced. In addition, the number of adhered cells on
the surface of the scaffolds indicates that the biocompatibility of
Zn/MgO composite scaffolds is superior to that of pure Zn scaffolds.
Fig. 5e-l indicate laser confocal scanning and staining photos of the
adhesion of MC-3T3 cells on the surfaces of the pure Zn scaffold and the
Zn/MgO composite scaffold. It was observed that numerous MC-3T3
cells adhered to the surfaces of the pure Zn scaffold and the Zn/MgO
composite scaffold, and there were more cells on the surface of the
Zn/MgO composite scaffold than on the surface of the pure Zn scaffold.
Therefore, the Zn/MgO composite scaffolds showed better cyto-
compatibility and cell adhesion. The reason may be that MgO reacts
with the culture medium to release Mg?*, which activates PI3K/STAT7
through TRPM3 and enhances the proliferation and differentiation of
osteoblasts by increasing the expression of osteoblast genes, thus pro-
moting bone formation [50,51].

pretreatment

Zn scaffold

Zn/MgO scaffold

! Zn/MgO sc

affold
-

Fig. 5. In vitro biocompatibility of the scaffolds. (a—d) SEM images of the surface of the pure Zn scaffold and the Zn/MgO composite scaffold after coculture with MC-
3T3 cells, (e-1) confocal laser mapping staining images of the adhesion of MC-3T3 cells on the surface of the pure Zn scaffold and the Zn/MgO composite scaffold.
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3.6. In vivo implantation

Fig. 6a shows a general view of the SD rat skull defect model at
different time points. It can be observed from Fig. 6a that the material
surface of the Zn group and the Zn/MgO group showed newly formed
bone-like tissue at 4 weeks. By 8 weeks and 12 weeks, a large amount of
bone tissue was generated in both the Zn group and the Zn/MgO group.
In the Zn/MgO group, more than half of the bone defect was covered by
new bone tissue at 8 weeks and almost completely covered by new bone
tissue at 12 weeks. In the Zn group, approximately half of the bone
defect was covered by new bone tissue at 12 weeks. There was no
obvious repair of bone defects in the blank group. These results indi-
cated that Zn/MgO composite scaffolds had higher biocompatibility and
osteogenic capacity than pure Zn scaffolds. Fig. 6b shows the quantita-
tive analysis of the proportion of new bone tissue within a 5 mm
diameter around the bone defect center by micro-CT calculation,
denoted as BV/TV. There were significant differences between the Zn
group and the Zn/MgO group at 4, 8 and 12 weeks, and the volume
percentage by which the two scaffolds promoted the growth of new bone
tissue increased with time. In addition, the percentage of new bone
volume in the Zn/MgO group was significantly higher than that in the Zn
group, indicating that Zn/MgO composite scaffolds had higher osteo-
genic capacity than pure Zn scaffolds. Fig. 6¢ indicates the remaining
volume changes of the scaffolds at different implantation times. It is seen
that the remaining volume of the pure Zn scaffold and Zn/MgO com-
posite scaffold gradually decreased with time during the implantation
process. The remaining volume of the pure Zn scaffold was about 90.8%
and that of the Zn/MgO composite scaffold was about 84.4% at 12
weeks. It indicated that the degradation rate of Zn/MgO scaffolds was
higher than that of pure Zn scaffolds. Fig. 6d shows the horizontal and
sagittal images of the skull bone reconstructed by micro-CT, the scaf-
folds and the 3D models of the surrounding new bone. The surface of the
two scaffolds was very smooth at 4 weeks after implantation. At 8 weeks,
the surface of the scaffold became slightly rough, and at 12 weeks after
implantation, the two scaffolds still had complete morphologies, and the
surface roughness was increased. The degradation rates of both the pure
Zn scaffold and the Zn/MgO composite scaffold were very slow. The
amount of new bone tissue in the Zn group and the Zn/MgO group
increased with time, and the new bone tissue became dense. As shown in
Fig. 6e, Masson staining results of hard tissue sections of skull bone
repair sites of SD rats at 4, 8 and 12 weeks were obtained. At 4 weeks,
numerous of collagen fibers were observed around the scaffold of the Zn
group, and a thin layer of discontinuous new bone-like tissue was
observed around the scaffold. In the Zn/MgO group, a larger area and
deeper staining of collagen fibers were observed around the scaffold
than in the Zn group, and the amount of new bone-like tissues around
the scaffold was higher than that in the Zn group. In the blank group, the
bone defect contained a mixture of collagen fibers and muscle fibers, and
no bone-like tissue was found. Collagen content and new bone tissue in
the Zn/MgO group and the Zn group increased at 8 weeks compared
with 4 weeks. In the Zn/MgO group, the new bone tissue was contin-
uous, and the amount of new bone was significantly higher than that in
the Zn group. There was a deep red-stained area near the Zn/MgO
composite scaffold, which meant that mature bone tissue had appeared.
No bone tissue was found in the blank group. At 12 weeks, the new bone
tissue and collagen in the Zn/MgO group were further increased, to a
much greater degree than in Zn group. There were new tissue connec-
tions on both sides of the pores of the scaffold. The new bone in the Zn
group was discontinuous, thin, and had lower collagen content. The
blank group showed numerous muscle fibers and no new bone forma-
tion. Therefore, the Zn/MgO group showed better osteogenic capacity in
this study.

Studies [5] have shown that excessive Zn®" in the body may have
adverse effects on vital organs such as the kidneys, liver, spleen and
heart. Therefore, HE staining was performed on the heart, liver, spleen,
lung, and kidney of SD rats implanted in three groups both
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preimplantation (2 weeks) and postimplantation (12 weeks), and the
results of the stained tissue sections are shown in Fig. S6. At 2 weeks and
12 weeks, there was no significant difference between the Zn group and
the Zn/MgO group compared with the blank group, indicating that the
pure Zn scaffold and the Zn/MgO composite scaffold both have good
biocompatibility and no toxic side effects. Notably, some edema cells
were observed in the liver tissue sections of the three groups at 12
weeks. By calculating the proportion of the number of edema cells in the
total number of cells in the visual field (Fig. S7a), it was found that there
was no significant difference between the blank group, the Zn group and
the Zn/MgO group, so it was inferred that the edema cells had nothing to
do with the implant materials. In addition, the blood routine of each SD
rat at 2 weeks and 12 weeks was tested, and the results are shown in
Figs. S7b-c. The total numbers of white blood cells, lymphocytes,
monocytes and neutrophils in the preimplantation and postimplantation
were all within the normal reference range, indicating that there was no
inflammatory reaction preimplantation or postimplantation in SD rats,
further confirming that the edema cells were not related to the im-
plantation materials. Routine blood tests also confirmed that the pure Zn
scaffold and the Zn/MgO composite scaffold have good biocompatibility
in vivo.

4. Discussion

4.1. Effect of MgO nanoparticles on the degradation behavior of Zn/MgO
composite scaffolds in SBF solution in vitro

As shown in Fig. 2d, the measured porosity and pore size of the pure
Zn scaffolds and Zn/MgO composite scaffolds are very close to each
other. While the corrosion rates of the two kinds of scaffolds shown in
Fig. 3 are obviously different, and the incorporation of MgO nano-
particles changes the corrosion from pitting corrosion of pure Zn scaf-
folds to uniform corrosion of Zn/MgO composite scaffolds. It can be seen
that porosity and pore size of the scaffolds are not the main factors
affecting its degradation behavior, but the composition and micro-
structure of the scaffolds are the real root cause.

During the SLM preparation process, the rapid laser scanning and
melt solidification can improve the microstructure of pure Zn scaffolds
and Zn/MgO composite scaffolds, resulting in significant grain refine-
ment [52,53]. As seen from the microstructure (Fig. 7a and b) and the
average grain size (Fig. 7c) of the scaffolds, both of them show typical
fast solidification microstructure characteristics. The microstructure of
pure Zn scaffolds was denser, and the grain size distribution was
different, with an average grain size of about 2.9 pm. Comparatively, the
microstructure of Zn/MgO composite scaffolds showed a significant
increase in small grains of 1-2 pm, and the average grain size decreased
to about 2.1 pm. Obviously, the effect of MgO nanoparticles on the grain
refinement of Zn matrix was not significant. From the SEM image and
EDS analysis in Fig. 7d, the MgO nanoparticles were mainly distributed
at the grain boundaries and they didn’t play a role in promoting the
heterogeneous nucleation of Zn matrix, which was directly related to the
differences in the crystal structures and lattice constants of them. In
general, the probability of forming interfaces between low-index crystal
faces is much higher than that of high-index crystal faces [54]. There-
fore, the closepacked faces (0001) of Zn matrix in Zn/MgO composites
are most likely to form interfaces with the low-index crystal faces (001),
(110) and (111) of MgO. According to Bramfitt’s lattice mismatch theory
[55], the goodness of the solidification interface is mainly determined
by the atomic mismatch, and the interface with low atomic mismatch
shows higher stability. The atomic mismatches (Supplementary mate-
rials) calculated from the lattice constants show that the mismatches of
Zn(0001)/Mg0(110) and Zn(0001)/MgO(100) are as high as 39.59%
and 20.09%, respectively, which are far more than the mismatch limit of
12% for the formation of semicoherent interfaces. Furthermore, the
mismatch of the most closepacked face Zn(0001)/MgO(111) between
them is also close to 12%. As a result, the MgO nanoparticles could not
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Fig. 7. The microstructure and average grain size of the scaffolds. (a) Backscattering SEM image of the pure Zn scaffold, (b) backscattering SEM image of the Zn/MgO
composite scaffold, (c) average grain size of scaffolds, (d) the EDS analysis at point A.

be the core of the heterogeneous nucleation of the Zn matrix or form a
good interfacial bond with the Zn matrix. These MgO nanoparticles were
pushed to the grain boundaries at the end of solidification, which played
a certain role in refining the grains, but also increased the number of
micropores in the solid near the grain boundaries, which made the
density of the solid part of the Zn/MgO composite scaffolds (Fig. 2e)
lower than that of the pure Zn scaffolds.

It is the addition of MgO nanoparticles and their weak interfacial
bonding with the Zn matrix that leads to certain changes in the degra-
dation behavior and corrosion mechanisms of both scaffolds in SBF so-
lution. According to literature [56], the following chemical reactions
occur when the exposed Zn matrix comes into contact with SBF solution.

Zn — Zn>t 4 2¢” Anode reaction 3)
0, + 4~ + 2H,0O — 40H™ Cathode reaction (C))
27Zn + Oy + 2H,0 — 2Zn(OH), Total reaction (5)
Zn(OH); — ZnO + H,0 Subsequent reaction 6)

In the anode reaction, Zn loses electrons, and in the cathode reaction, O,
gains electrons. The total reaction results in a Zn(OH); product, which in
a subsequent reaction is converted to ZnO and H0. Cl™ in SBF solution
can convert insoluble ZnO into soluble chloride salts [56,57]. After that,
the Zn matrix is then exposed to SBF solution and continues to undergo
corrosive degradation in reaction (5). During the series of reactions, the
pure Zn scaffold completed its own degradation process. As shown from
Fig. 3, during the corrosion reaction, the ion exchange at the angular
position of the pure Zn scaffold is the fastest, meanwhile, the lack of
protection by Ca-P products makes the pure Zn scaffold tend to local
corrosion in the concentrated area. Therefore, after 30 days of immer-
sion, the corners of the pure Zn scaffolds were detached in large pieces,
and the corrosion rate was significantly increased caused by uneven
corrosion, which was very likely to lead to premature failure of the pure
Zn scaffolds.

Compared with the localized severe corrosion of pure Zn scaffolds,
the Zn/MgO composite scaffolds exhibited uniform degradation
behavior when in contact with SBF solution. The average corrosion rate
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within 10 days of in vitro immersion increased by 0.5 mg/day compared
with that of pure Zn scaffolds, but decreased significantly at the later
stage of immersion. The change of pH value of SBF solution with im-
mersion time also showed the same pattern of change (Fig. 3i). The
analyzed reasons may be attributed to the following points. (1) The high
chemical activity of MgO nanoparticles in Zn/MgO composite scaffolds
that were deviated at the grain boundaries might preferentially react
with C1~ and H5O in the SBF solution to release Mg2+ and OH ™ (reaction
7), and consequently induced the deposition of Ca?* and PO3- 4 at the
grain boundaries in the SBF solution. Moreover, the MgO nanoparticles
were more uniformly distributed throughout the scaffold, causing the
Zn/MgO composite scaffolds to degrade by uniform corrosion at the
beginning in SBF solution. (2) Only an incoherent interface could be
formed between MgO nanoparticles and Zn matrix in Zn/MgO com-
posite scaffolds, and the atomic arrangement density was relatively
reduced. The SBF solution would preferentially penetrate inward from
their interfaces, preferentially corroded the MgO particles distributed on
the grain boundary of the next layer, and uniformly corroded and
degraded inward layer by layer. (3) Corrosion shedding of MgO nano-
particles from the surface layer of Zn/MgO composite scaffolds made the
surface area of the scaffolds larger, which also increased the progression
of a series of reactions (3-6) in the Zn matrix, thus accelerating the
corrosion rate. (4) Grain boundaries had higher energy and were more
chemically active. Thus, high-density grain boundaries increased the
surface reactivity of the sample by increasing electronic activity and
diffusion [58] and led to the rapid formation of a uniform and dense
protective layer [59,60]. Obviously, the fine grain size of Zn/MgO
composite scaffolds also contributed to their increased corrosion rate in
the early period. (5) With the continuous corrosion of the MgO nano-
particles in the Zn/MgO composite scaffolds and the uniform degrada-
tion of the Zn matrix, a large amount of Ca-P products were
continuously deposited on the surface of the Zn/MgO composite scaf-
folds. The accumulation of Ca—P products during 10-30 days of im-
mersion might block the pores of the scaffolds and hinder the effective
contact between the SBF solution and the scaffolds, thus causing the
corrosion rate of the Zn/MgO composite scaffolds to be significantly
lower than that of the pure Zn scaffolds. However, this paradoxical
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phenomenon was mainly attributed to the relatively static corrosion
pattern in vitro. The relatively static degradation experiments are more
meaningful for the evaluation of the porous scaffolds during the early
immersion period.

MgO + H,0% Mg?* + 20H™ %)
In general, the pure Zn scaffold and the Zn/MgO composite scaffold in
this study showed good in vitro degradation behavior when immersed in
SBF solution. The maximum corrosion rate of the scaffolds calculated
from weight loss was 4.6 mg/day, which was far lower than the limit of
daily Zn intake of the human body (40 mg/day) [61].

4.2. Effect of MgO nanoparticles on the degradation behavior in vivo and
biocompatibility of Zn/MgO composite scaffolds

Good biocompatibility is a prerequisite for the orthopedic applica-
tion of biomaterials [62] and an important factor to be considered for
metallic biomaterials. In this study, 3D-printed pure Zn scaffolds and
Zn/MgO composite scaffolds were co-cultured with MC-3T3 cells to
study in vitro biocompatibility, respectively, and both scaffolds were
implanted into the cranial defects in SD rats to study in vivo biocom-
patibility. As shown in Fig. 5, a large number of MC-3T3 cells were
adhered to the surface and pore walls of the scaffolds after 48 h of
co-culture with MC-3T3 cells in vitro for both pure Zn scaffolds and
Zn/MgO composite scaffolds, and the density of MC-3T3 cells in
Zn/MgO composite scaffolds was significantly higher than that in pure
Zn scaffolds. It indicated that the addition of MgO nanoparticles
enhanced the histocompatibility of Zn scaffolds, in which the microen-
vironment created by preferential corrosion of MgO nanoparticles was
more favorable for the adsorption, propagation and growth of cells on
the scaffolds and within their pores. This is due to the fact that MgO
nanoparticles can generate Mg?* during degradation. And Mg?" is a
versatile and therapeutic ion in promoting cell migration, proliferation,
and angiogenesis [63]. When the scaffolds were implanted into the
cranial defects of SD rats, the same effect was seen from around the

Zn/MgO scaffold

Interface Zn/MgO scaffold

o 700 O Zn** Zn(OH),
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scaffold and its guidance of new bone growth within a period of 12
weeks (Fig. 6). A large amount of new bone tissue was observed to grow
into the pores at 4 w and 8 w for both scaffolds, and the amount of new
bone regeneration increased with the increase of implantation time.
However, it is easily seen from the quantitative new bone calculations
(Fig. 6b) that the Zn/MgO composite scaffolds guided the amount of new
bone regeneration was consistently significantly higher than that of the
pure Zn scaffolds. At 12 w, the amount of new bone tissue (BV/TV) in the
pores of Zn/MgO composite scaffolds had been up to nearly 30%, while
that of Zn scaffolds was less than 15%. It was well demonstrated that the
Zn/MgO composite scaffolds had more excellent biocompatibility and
promoting osteogenic activity in vivo. This indicated that the addition of
MgO nanoparticles was very helpful for the improvement of the
biocompatibility of Zn scaffolds. The reason is that the Mg?" generated
by the degradation of MgO nanoparticles through reactions (7) could
improve the proliferation and adhesion of human bone-derived cells
[64], thus accelerating bone healing in the bone defect site. A schematic
diagram of new bone tissue growing into the scaffold pores is shown in
Fig. 8. When the scaffold comes in contact with body fluid, the scaffold
will undergo degradation. Ca%t, OH™ and PO3- 4 in body fluid react on
the surface of the Zn matrix to generate a Ca-P product layer, which has
good biocompatibility and benefits the adhesion of osteoblasts. Osteo-
blasts arranges and connects under the promotion of Zn**, and even-
tually form bone trabeculae. The pore structure of the scaffolds will
guide the growth of new bone tissue. The generation of Mg?" will syn-
ergistically promote the growth of new bone tissue with Zn?*, resulting
in a higher rate of induction of new bone tissue and amount of gener-
ating bone trabeculae in the Zn/MgO scaffold than in the Zn scaffold.
Although the Zn/MgO composite scaffolds exhibited a faster degrada-
tion behavior in the early stage and a slower degradation behavior in the
late stage compared to the pure Zn scaffolds during the relatively static
corrosion process in vitro, the remaining volume of the Zn/MgO com-
posite scaffolds was consistently lower than that of the pure Zn scaffolds
as shown in Fig. 6¢ at different implantation times. Especially after 12 w
of implantation, the remaining volume of the Zn/MgO composite

Interface

e MgO °© Mg* @ Ca-Pproducts AN Znmatrix % Osteoblast

Bone trabecula

Fig. 8. The degradation mechanism and guiding new bone regeneration of the pure Zn scaffold and the Zn/MgO composite scaffold.
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scaffolds was 84.4%. Whereas in the studies of Ren et al. [65] and Xia
et al. [66], the remaining volume of infiltration casting pure Zn and
Zn-2Cu scaffolds at 6 months of in vivo implantation was 86.9% and
82.9%, and that of 3D-printed Diamond-structured pure Zn scaffolds at 6
months of in vivo implantation was 91%. This fully demonstrates that
the regulation of the degradation behavior of Zn scaffolds by MgO
nanoparticles in vivo is very effective.

5. Conclusion

In this study, a layer of bioactive MgO nanoparticles was wrapped on
the surface of spherical Zn powder by ball milling treatment, which
allowed the incorporation of MgO nanoparticles into Zn matrix by 3D
printing. The microstructure, mechanical properties, degradation
behavior, antibacterial properties, and in vitro and in vivo biocompat-
ibility of porous Zn and Zn/MgO scaffolds were systematically investi-
gated. The main findings are summarized as follows.

1. MgO nanoparticles refined the microstructure of Zn/MgO composite
scaffolds and improved the hardness of Zn matrix. The yield strength
values of both the pure Zn scaffold and the Zn/MgO composite
scaffold were within the typical compressive strength range of
cancellous bone;

2. The incorporation of MgO nanoparticles can regulate the corrosion
rate of Zn matrix, which makes the corrosion degradation behavior
of Zn/MgO composite scaffolds in SBF solution more uniform. The
maximum weight loss rate (4.6 mg/day) was far lower than the limit
of daily Zn intake of the human body (40 mg/day);

3. The Zn/MgO composite scaffolds with added MgO nanoparticles had
excellent in vitro and in vivo biocompatibility, which showed better
ability to guide bone tissue regeneration in rat cranial bone repair
experiments compared with pure Zn scaffolds. In addition, both pure
Zn and Zn/MgO scaffolds did not affect the organs and blood of rats.

4. Both pure Zn and Zn/MgO scaffolds had good antibacterial effects,
and the antibacterial rate of Zn/MgO composite scaffolds was higher
than that of pure Zn scaffolds, which indicated that both Zn ions and
MgO nanoparticles could inhibit bacterial adhesion and biofilm
formation.

5. In order to further improve the property of Zn/MgO composite
scaffolds, future work could focus on the study of 3D printing pa-
rameters, incorporation content of MgO nanoparticles, and the
simulation of the body fluid flow in the scaffold implant and the
changing trend of mechanical properties with time. This work will
lead to wider and deeper research towards practical applications in
the field of materials science and bone tissue engineering.
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