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A B S T R A C T

Background: /Objective: The treatment of bone defect has always been a difficult problem in orthopedic clinic. The
search for alternative biodegradable implants is a hot topic. The development of biodegradable magnesium
scaffolds for the treatment of bone defects has long been a goal of the public.
Methods: In this study, we proposed a porous magnesium scaffold prepared by 3D gel printing and surface
modification with an additional calcium phosphate coating and use of its strength, degradability and slow
degradation rate in a bone graft substitute material. The porous magnesium granular scaffold was prepared by 3D
gel printing technology and modified by DCPD (Dibasic Calcium Phosphate Dihydrate) coating. The biocom-
patibility, degradation rate, and osteogenic ability of the scaffold were evaluated in vitro and in vivo.
Results: The biocompatibility, in vivo degradation and bone defect healing response of the implants were inves-
tigated. Porous magnesium scaffolds were successfully prepared, and the strength of sintered scaffolds reached
5.38 MPa. The degradation rates of scaffolds were significantly reduced after coating with DCPD. The cell
compatibility evaluation showed that DCPD-coated Mg scaffold was suitable for cell proliferation. In vivo
biosafety monitoring showed that scaffold implantation did not cause an increase in Mg ion concentration in vivo,
and no toxic damage was detected in the liver or kidney. Micro-CT and pathological results showed that a large
amount of new bone was formed at 6 weeks. At 12 weeks, approximately 52% of the scaffold volume remained. At
24 weeks, osteogenesis, which was stimulated by some residual scaffold, still can be observed. In summary, this
study suggests that 3D gel-printed DCPD-coated porous magnesium scaffolds have great potential as bone graft
alternatives.
Conclusion: In summary, this study suggests that 3D gel-printed DCPD-coated porous magnesium scaffolds have
great potential as bone graft alternatives.
The Translational potential of this article: The translational potential of this article is to make use of the advantages
of 3D gel printing technology with higher efficiency and lower cost compared with SLM and SLS technologies, and
use pure magnesium powder as raw material to prepare degradable porous magnesium metal scaffolds, opening
up a new technical route for the preparation of degradable porous magnesium scaffolds which are made for bone
defect regeneration in the future.
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1. Introduction

Bone defects involve the loss of normal bone due to various reasons,
such as trauma caused by traffic accidents and production safety acci-
dents, tumors, infections, heredity, and surgery [1]. Bone defects
constitute a major difficulty in clinical treatments of orthopedic patients
and still present major clinical and socioeconomic problems. Previous
studies have shown that more than 1million bone grafts are performed in
the United States alone every year, which represents the second most
common tissue transplantation after blood transfusion [2,3]. At present,
most clinical practice is still based on surgical implantation of bone repair
material. Bone restorative materials can be divided into autograft, allo-
graft, and bone graft substitutes.

Autologous bone transplantation is considered the gold standard in
the treatment of bone defects [4]. However, this method is limited by the
amount of bone in the patient's own donor area and cannot be used when
the defect volume exceeds the range that the patient can provide.
Moreover, defects of the donor site affect the appearance and even cause
depression [5,6]. Allogeneic bone and allogeneic bone grafts have the
risk of high failure rates, immune rejection and disease transmission [7].
Distraction osteogenesis requires a long time, which brings inconve-
nience to patients' lives and even leads to infection [8]. These disad-
vantages prevent it from being used widely. The search for new bone
graft substitutes has gradually become the focus of new development [9].
Currently, materials used as bone graft substitutes mainly include bio-
ceramics [8], various polymer materials [10], metal materials [11,12],
and so forth.

Bioceramics include hydroxyapatite and calcium phosphate, which
have good biocompatibility, bioactivity and bone conductivity [13,14].
Experiments have shown that bioceramic scaffolds have good repair-
ability and can be used with various cancellous bone defects [15,16].
However, how to improve the mechanical properties of bioceramics and
obtain degradation rates matching the rate of tissue regeneration so as to
improve the biosafety of composites should be investigated in further
studies [17]. Polymer materials mainly include polylactic acid, poly-
acetic acid and related derivative composite materials. Composite fibrous
scaffolds prepared with these materials exhibit good hydrophilicity,
improve cell adhesion and proliferation, and significantly enhance
osteogenesis [18]. Due to the insufficient mechanical properties of bio-
ceramics and polymer materials, deformation and brittle fracture are
prone to occur [19]. Metallic materials such as titanium and its alloys are
commonly used for load-bearing components such as with spinal defects
Fig. 1. Preparation of scaffolds (A) SEM image of Mg powder (B) particle size distr
model (E) the sintered body and the final formed scaffold.
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[20]. However, with increasing implantation time, metal ions enter
human tissues and cause damage to the host under the corrosive effect of
body fluids on the Ti scaffold, ultimately leading to implantation failure
[21]. For the above reasons, the development of a new generation of
bone graft substitutes with good mechanical properties, biocompati-
bility, promotion of bone regeneration and degradability has become an
area of interest.

As a biodegradable metal, magnesium and its alloys have attracted
increasing attention [22]. Magnesium is the main cation in human cells
and plays an important role in human metabolism. In virtue of its similar
mechanical properties with those of bone, it can effectively link the stress
shielding effect, and be degraded completely by body fluids. After im-
plantation, it can be metabolized and excreted by the kidney, thereby
avoiding secondary operation [23]. Previous studies have reported that
magnesium has good biocompatibility and osteogenic stimulation ability
[24], and increased bone mass and mineral density were found around
magnesium implants in bone indicating that the release of Mg2þ ions
promote formation of new bone. However, the rapid degradation rate of
magnesium and its alloys in contact with body fluids and the rapid
release of byproducts (hydroxyl ions and hydrogen) are major problems
that urgently require solutions. Porous magnesium has received exten-
sive attention as a biodegradable cancellous bone replacement material
since the beginning of this century; it can be absorbed or excreted by the
human body, and its mechanical properties are very similar to those of
human bones [25].

Porous magnesium scaffolds are manufactured by means of powder
metallurgy, laser etching and rapid prototyping. Laser etching can
accurately control several parameters, such as porosity, pore diameter
and pore diameter distribution, and it exhibits good repeatability [26].
However, the high production cost of this method greatly limits its
application in practice. In the rapid prototyping method represented by
3D printing technology [27], a multilayer structure method can be used
to prepare porous biocompatible scaffolds with excellent mechanical and
bone conduction properties. The combination of 3D images and CT data
enables the preparation of 3D bone repair materials that match specific
bone defects, resulting in materials with controllable structure, porosity
and properties.

In our previous researches [28–31], we developed 3D gel printing
(3DGP) and used it to prepare a variety of materials, such as ceramics and
metals. In this paper, a Mg scaffold with a controllable pore structure was
prepared by the 3DGP method, and its surface was modified with a cal-
cium phosphate coating. A number of studies have shown that the
ibution of Mg powder (C) 3D gel printing process flow (D) magnesium scaffold



Fig. 2. (A) Compressive strength of sintered Mg scaffold (B) the cross-sectional SEM image of the DCPD coated scaffold, and between the red arrows is the DCPD
coating (C)XRD image of DCPD coated Mg scaffold and standard XRD of DCPD and Mg (D) confocal microscope image of the surface of a DCPD coated scaffold (E1) un-
coated Mg scaffold (E2) SEM image of E1 (F1) DCPD coated Mg scaffold (F2) SEM image of F1. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 1
Comparison of properties of magnesium scaffolds, TCP scaffolds and cancellous
bone.

Physical and mechanical
properties

DCPD coated
scaffold

β-TCP
scaffold

Cancellous bone
[36]

Density/g∙cm-3 0.72 � 0.07 1.035 1.8–2.1
Compression modulus/
MPa

5.38 � 0.87 0.469 �
0.011

2.08–4.3

Young's modulus/MPa 318 � 68 54.65 �
3.41

97.8–134.6

Aperture/mm 2.0 � 0.1 2.5 mm 0.4–0.6
Porosity/% 57.6 � 3.9 58.1 � 6.2 40.0–60.0
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addition of DCPD coating on the surface of materials can not only
improve biocompatibility and biosafety, but also have excellent osteo-
genic induction ability, and angiogenic ability [32], and the degradation
rate of materials can be effectively controlled by adjusting the thickness
of DCPD coating [33,34]. Therefore, we chose to use DCPD coating to
modify the surface of the scaffold in this experiment. After the surface
modification of the scaffold was completed, the physical properties of the
scaffold were systematically analyzed, and its biocompatibility and
biosafety were tested in vitro.

2. Materials and methods

2.1. Scaffold preparation and surface modification treatment

2.1.1. Experimental materials
The materials and reagents used in this experiment were: Mg powder

(99.8%, Tangshan Weihao Magnesium Powder Co. Ltd.), absolute
ethanol (AR, Sinopharm Chemical Reagent Co. Ltd), epoxy resin (AR,
Sinopharm Chemical Reagent Co. Ltd) and oleic acid (AR, Sinopharm
Chemical Reagent Co. Ltd).

2.1.2. Preparation and properties of slurry
Absolute ethanol and epoxy resin were used as the organic solvent

and curing agent, and oleic acid was used as the dispersant. A proper
amount of ethanol was used to dissolve the epoxy resin, and then mag-
nesium powder was added. Oleic acid was added in the stirring process as
15
a dispersant. After stirring for a certain time, the slurry was evenly
dispersed and could then be used for 3DGP printing. A viscometer was
used to test the relationship between slurry viscosity and shear rate. The
slurry has the characteristics of a pseudoplastic fluid, and the solids
content was 50%.

2.1.3. 3D gel printing process
Fig. 1(C) is the process flow chart of 3D gel printing magnesium

scaffold. The scaffold model established by UG was sliced by Cure soft-
ware and imported into the computer control system. The supplied slurry
is loaded into the extrusion device, and the slurry is extruded from the
nozzle through the pressure system to obtain the final printed green
body. The printed green billet was degreased under the protection of high
purity argon gas. After degreasing, it was immediately heated to 570 �C
for sintering and held for 1 h.

2.1.4. Properties of sintered scaffolds
The sintered scaffold was tested at 22–23 �C and 40–55% relative

humidity. The microstructure of the scaffold was characterized by
scanning electron microscopy (SEM, ZEISS EVO®18, Carl ZEISS NTS,
Germany). The density of the scaffold material was determined by
Archimedes immersion method in absolute ethanol. The compressive
strength of the sintered samples was tested by an electronic universal
testing machine (CMT5504, SUST Zhuhai) at a loading rate of 0.1 mm/
min. The samples used for compressive strength were cut to about 8 mm
� 8 mm � 4 mm, then finally grounded with 2000 mesh sandpaper.
Three samples were collected for density and compression tests.

2.1.5. Preparation and properties of calcium phosphate coating
The preparation of DCPDwas done as follows: appropriate amounts of

NH4H2PO4 and Ca(NO3)2 were dissolved in deionized water, and then
the oxidized scaffold was immersed in the solution. After standing for a
period of time, the scaffold was clamped out, and the appropriate
thickness of calcium phosphate coating was obtained on the surface of
the scaffold.

DCPD can progressively transform to HA (Hydroxyapatite) in situ via
a hydrothermal reaction operating in an alkaline environment. HA is a
major component of natural bones. Synthetic HA is considered stable in
the physiological environment and exhibits a lower degradation rate than
natural HA [35]. DCPD effectively slows the corrosion of the Mg scaffold



Fig. 3. In vitro experiment (A) Degradation curve in vitro (B): SEM images of DCPD coated magnesium scaffold soaked in SBF for 105 days (C): EDS spectral result in
yellow box of (B) (D) Electron microscopic images of DCPD-coated magnesium scaffolds at 3 and 7 days after cell inoculation (E): Alive and dead stain on MC3T3-E1
cells after cultured by DCPD-coated magnesium scaffold extract for 1 day and 3 days (F):24, 48, 72-h CCK-8 cell proliferation detection; CCK-8 cell proliferation test,
MC3T3-E1 cells were cultured in scaffold extract 24/48/72 h after the comparison of OD values in the DCPD MG scaffold group (red), negative control group (green)
and positive control group (black). It was slightly higher than the negative control at 24H and 48H, and the same at 72H. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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in physiological environments and prolongs the life of the scaffold.

2.2. 2. In vitro degradation experiment

In this experiment, we chose a simulated humoral fluid (SBF) solution
to determine degradation behavior. The scaffold was placed in corning
tube equipped with SBF, the volume ratio of the scaffold to SBF was 1:60,
16
and the SBF was replaced every 3 days. The experiment was divided into
two groups according to the presence or absence of coating, with 30
samples in each group, in a constant temperature water bath at 37 �C.
Three scaffolds were removed from each group according to different
time points. The scaffolds in each group were immersed in 200 g/L
CrO3þ10 g/L AgNO3 chromic acid solution configured according to
ASTM G1 standard for 1 min to rinse the degradation products on the



Fig. 4. Biosafety analysis in vivo(A): Serum Mg ion
concentration of rabbits in the DCPD MG scaffold
group (red) and the control group (green) at different
time points. Serum Mg ion concentration in the DCPD
MG scaffold group remained at the normal level dur-
ing the observation time, but was not significantly
higher than that in the control group. The results
indicated that DCPD Mg scaffolding did not signifi-
cantly increase the serum Mg concentration(B1) (B2):
The changes of serum creatinine (Cr) and urea nitro-
gen (BUN) in both groups were within the normal
range, indicating that renal function was normal after
DCPD MG scaffolding(C1) (C2): The serum ALT and
AST of the two groups were within the normal refer-
ence range, indicating that the liver function of the
DCPD MG scaffold group was normal after surgery.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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surface, then washed with anhydrous ethanol, and the weight change
was measured after drying at room temperature. The residual magnesium
scaffolds soaked in SBF for 105 days were observed by SEM.

2.3. Cytocompatibility evaluation

Mouse-derived osteoblasts (MC3T3-E1, Cell Resource Center of
Shanghai Institute for Biological Science, Shanghai, China) were used to
test the cellular compatibility of the scaffolds. Dulbecco's Modified Ea-
gle's Medium/Ham's F-12 50/50 Mix with L-Glutamine & 15 mM HEPEs
(Corning, USA) was added with 10% feta l bovine serum (Corning, USA)
and 1% double antibody (GBICO, Invitrogen Inc.) to the complete me-
dium, which was cultured in an environment of 5% CO2 and 37 �C. The
scaffold was irradiated with cobalt 60 and immersed in the complete
medium at 37 �C for 72 h at a ratio of 0.2 g/mL, in accordance with the
GBT 16886.5–2003 standard.

2.3.1. Indirect cell cytotoxicity
The cytotoxicity of the extracts was assessed by live/dead staining.

MC3T3-E1 cells (5 � 104/well) were seeded into 6-well plates. After 1
day of incubation, the medium was replaced with an extract for 1 and 3
17
days. Finally, staining was performed with a live/dead kit (Invirtogen)
and observed under fluorescence microscopy.

A CCK-8 assay was used to detect cell proliferation activity and cell
viability. MTCT3-E1 cells were seeded into 96-well plates at a density of
3 � 103/well and cultured for 24 h. The culture medium was changed,
the experimental group used the prepared extract, the negative control
group used complete medium, and the positive control group comprised
complete mediumwith 0.1% phenol. Six wells were set in each group and
cultured for 1, 2 and 3 days. The medium was discarded at the labeling
time, and 100 μl CCK-8 solution (1:9 Medium, Dojindo Laboratories,
Japan) was added for 2 h. The absorbance was measured at 450 nm.

2.3.2. Direct cell attachment on the DCPD coated porous magnesium
scaffolds

MC3T3-E1 cells (1 � 105 cells/well) were inoculated on the DCPD
layer magnesium scaffold. After incubation for 3 and 7 days, the sample
was fixed with a 2.5% glutaraldehyde solution and then progressively
dehydrated in ethanol. After gold spraying, the sample was observed
under field emission scanning electron microscope.



Fig. 5. New bone formation in bone tract. A: Repre-
sentative micro-CT MIP images at 6, 12, and 24 weeks
postoperatively. B: Representative 3D micro-CT im-
ages of the region of interest (ROI) with a central
diameter of 6 mm at 6, 12, and 24 weeks post-
operatively. C: Micro-CT quantitative analysis of new
bone in bone tract at 6, 12 and 24 weeks after surgery:
BV (C1); Bone Mineral density (C2); BV/TV (C3);
Tb.N(C4); Tb. Sp (C5). Each group n ¼ 4；#P > 0.05;
*P < 0.05; **P < 0.01；***P < 0.005；****P <

0.001.
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2.4. Animal model and scaffold implantation

Thirty-six healthy and mature New Zealand white rabbits (male
2–2.5 KG) were selected for animal experiment. This experiment was
conducted in accordance with the guidelines for experimental Animals of
national Institutes of Health and approved by the Animal Ethics Com-
mittee of our hospital. Rabbits were randomly divided into 3 groups, the
experimental group was implanted with DCPD-coated magnesium scaf-
fold, the positive control group was implanted with β-TCP scaffold
（Wuhan Huawei Biomaterials Engineering Co., LTD.）, and the model
group was only drilled for modeling.

The DCPD-coated magnesium scaffold used in the implantation
experiment is a cube cut and polished by sintered body, with an aperture
of 2X2 mm, an outer diameter of 6 mm, a length and width of 4.24 �
4.24 mm and a height of 7 mm, as shown in Fig. 1(E). After reprocessing,
the positive control β-TCP scaffold was 6 mm in diameter, 2.5 mm in
aperture and 7 mm in height.

Rabbits were anesthetized with 3% pentobarbital sodium. Then the
skin was incised at the lateral condyle of the right distal femur, and the
soft tissue was bluntly separated to expose the lateral condyle of femur.
Then, an electric drill was used to form a tunnel with a diameter of 6 mm
and a depth of about 8 mm on the lateral condyle. The scaffolds were
implanted in each group. Finally, the wound was carefully sutured and
bandaged after irrigation, and intramuscular penicillin was given 3 days
after surgery to prevent infection. The rabbits were killed 6, 12 and 24
weeks after the operation by injecting a pentobarbital sodium overdose
through the auricular vein. The femoral condyle was isolated for
microscopic CT scan and histological analysis.
18
2.5. In vivo biosafety tests

Rabbit blood samples were collected before and after surgery at 1, 12,
24h and 1, 6, 12、24 weeks to measure the concentrations of magnesium
ions (Mg2þ), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine (CR) and blood urea nitrogen (BUN).

2.6. New bone formation and the residue of scaffold

The right femoral condyle was collected and fixed with 4% para-
formaldehyde for one week. Then, the distal femurs of the rabbits were
scanned by micro-CT with 27 μm spatial resolution. A region of interest
(ROI) was selected from the center of the bone tunnel with a diameter of
6 mm and reconstructed using CT analysis software. The images were
reconstructed into three-dimensional images and used to measure bone
volume density (BV/TV, %), bone mineral density (BMD, mg/cc),
trabecular number (Tb. N, 1/mm), and trabecular separation (Tb. Sp,
mm).

2.7. Histology analysis

Calcein (10 mg/mL, 15 mg/kg) was injected 14 and 7 days before
sampling for fluorescence labeling. The right femoral condyle was
collected and fixed with 4% paraformaldehyde for one week. After the
completion of CT image scanning, the bone slices were cut into approx-
imately 2 mm slices, soaked in PBS for 1 h, and dehydrated with gradient
ethanol solution for the indicated time periods: 50% 24 h, 60% 24 h, 70%
24 h, 80% 24 h, 90% 24 h, 100% 24 h, and 100% 24 h. After that, methyl



Fig. 6. Degradation of scaffold in vivo. A: residual scaffold in the bony tract at various time points. B: changes in scaffold volume during the process of scaffold
degradation in vivo after surgery.
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methacrylate resin (Technovit 7200 VLC, Exakt, Germany) was mixed at
a 1:1 ratio with 100% ethanol for 24 h, and then soak it in 100% methyl
methacrylate resin for 4 h twice. The samples were then embedded in
methyl methacrylate resin. The embedded samples were sliced using Arc-
Oscillation (Exakt) units and then ground to a final thickness of 20 μm.
First, the unstained sections were observed under a fluorescence micro-
scope (BX51, Olympus, Japan), analyzed and photographed as evidence
19
of bone regeneration. Bone histological analysis was performed using
Masson-Goldner staining and then observed with a BX51 microscope
under normal light. The collected data were analyzed using Bioquant
Osteo (Bioquant Image Analysis Corporation) software.



Fig. 7. Histological analysis of bone formation after scaffold implantation.: A: Histological analysis of non-decalcified bone tissue sections. Masson-Goldner staining
shows new bone with blue arrows. B: Fluorescence micrograph of undecalcified sections. The white arrows indicate new bone areas. C1–C6: Quantitative analysis of
new bone formation (BV, BV/TV, Tb.N, Tb. Sp, BS, Co.Pm/I.Pm), bone formation 6, 12 and 24 weeks after scaffold implantation. N ¼ 3 #P > 0.05 for each group; *P
< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.8. Statistical analysis

All data were analyzed using SPSS 17.0 software. All results are
expressed as means with standard errors. Two-way-ANOVA was used for
statistical analysis. P values < 0.05 indicate that the difference is statis-
tically significant.

3. Result

3.1. Preparation and characterization of scaffolds

As shown in Fig. 1(A), the Mg powder used in this study was produced
by inert gas atomization, and its particle shape was spherical. The
average particle size (D50) of Mg powder was approximately 31.10 μm,
and the particle size distribution of the Mg powder is shown in Fig. 1(B).

Fig. 1 (D) shows the magnesium scaffold model established by UG
20
（Unigraphics NX）, and Fig. 1 (E) shows the sintered magnesium
scaffold and on the right is the experimental implant scaffold cut from the
sintered body. The scaffold size was 24 mm � 24 mm � 15 mm. The
strength of a scaffold is affected by many factors. Imperfections during
printing or sintering can reduce its compressive strength. In general, the
strength of the scaffold can reach 5–10 MPa. Fig. 2(A) shows the
compressive strength of the magnesium scaffold used in this experiment,
which was 5.38 MPa. Table 1 shows the comparison of mechanical
properties of representative DCPD porous magnesium scaffolds and
human cancellous bone.

The physical and SEM images of the pure Mg scaffold and DCPD-
coated Mg scaffold are shown in Fig. 2(E) (F). Fig. 2(B) shows the elec-
tron microscope image of cross section of DCPD coated scaffold. The
average thickness of the coating measured is 41.75� 12.30 μm. Fig. 2(C)
shows an XRD image of a DCPD-coated Mg scaffold.



Y. Zhang et al. Journal of Orthopaedic Translation 33 (2022) 13–23
3.2. In vitro study

In vitro degradation experiment, the uncoated porous magnesium
scaffold completely degraded after approximately 1 weeks, and the
DCPD-coated porous magnesium scaffold still had approximately 20%
residual left after 20 weeks (Fig. 3(A)). Fig. 3(B) shows the surface
morphology of DCPD-coated magnesium scaffold soaked in SBF solution
for 105 days. In this figure, it is hard to see the magnesium scaffold base,
and the surface is completely covered by lamellar (or needle-like) crys-
tals. According to EDS energy spectrum data (Fig. 3(C)) and other
research results, it is judged as HA crystal [12,35]. This indicates that
after DCPD-coated magnesium scaffolds are soaked in SBF solution for a
long time, a large amount of HA can be deposited on the surface of
scaffolds. A large amount of HA deposition on the surface of scaffolds
hinders the further corrosion of magnesium scaffolds by SBF and delays
the degradation rate of magnesium scaffolds.

A typical SEM image of the cells on the scaffold is shown in Fig. 3 (D).
After 3 days of culture, the cells were firmly attached to the scaffold
coating surface, and the number of cells was significantly expanded on
the 7th day. DCPD coating showed good cell adhesion.

As shown in Fig. 3 (E), there was no significant difference in the live/
dead staining of the scaffold extract between the experimental group and
the control group. CCK-8 test further confirmed the previous results, as
shown in Fig. 3 (F), the cell viability of MC3T3-E1 cells did not differ
significantly from that of the control group after cultured in the extract
24/48/72 h.

3.3. In vivo biosafety tests

Serum magnesium ion levels and blood biochemical indexes were
analyzed 0–24 weeks after implantation in vivo. During the observation
time, the serumMg ion concentration in the DCPD group remained at the
normal level but was not significantly higher than that of the control
group, indicating that the serum Mg ion concentration was not signifi-
cantly increased after implanting Mg scaffold with DCPD coating (Fig. 4).
Fig. 4(A) shows the changes in serum Mg ion concentration at 0, 1, 12,
and 24 h after surgery and at 1, 6, 12, and 24 weeks after surgery. There
was no significant difference (p > 0.05, n ¼ 3). There were no abnormal
changes in biochemical indexes during scaffold implantation. The renal
function indexes of the two groups were creatinine (Cr) (B1) and blood
urea nitrogen (BUN) (B2) at different time points. Alanine aminotrans-
ferase (ALT) (C1) and ascorbic aminotransferase (AST) (C2) were in the
normal range. These results indicate that DCPD-coated 3D-printed pure
magnesium scaffolds exhibit good biosafety in vivo.

3.4. New bone formation and the residue of scaffold

In the rabbit femoral condyle defect experiment, we analyzed the
formation of new bone in the defect area by micro-CT. As shown in
Fig. 5(A), radiography confirmed that at 6, 12, and 24 weeks post-
operatively, there was more bone formation in the bone defect area in the
DCPD group than in the control group, and the level was comparable to
that in the TCP group. The formation of new bone in the micro-CT
reconstruction tunnel of the bone defect is shown in Fig. 5(B). At 6, 12
and 24 weeks after surgery, more new bone was formed in the DCPD
group and the TCP group than in the control group. As shown in Fig. 5(C),
the indexes of BV, BMD and BV/TV in the DCPD group were roughly
equal to those in the TCP group. However, there were significant dif-
ferences between the DCPD group and the TCP group in Tb. N and Tb. Sp
indexes; this was largely related to the fact that the material density of
TCP was very close to that of bone, which prevented micro-CT from
distinguishing them effectively.

In vivo degradation of the scaffold is shown in Fig. 6. After micro-CT
three-dimensional reconstruction of preoperative and postoperative 6
weeks, 12 weeks and 24 weeks DCPD coated Mg scaffolds and β-TCP
scaffolds (Fig. 6(A)), the residual volume fractions of scaffolds were
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obtained, and statistical analyses were performed (Fig. 6(B)). At 6 weeks,
the scaffold degradation of the two groups was similar, but there was a
significant difference between the two groups at 12 weeks and 24 weeks.
3.5. Histology analysis

The histological evaluation of new bone towns in the bone tract is
shown in Fig. 7. Newly formed bone tissue in the defect area at 6, 12, and
24 weeks after scaffold implantation is shown in Fig. 7(A). Fig. 7(A)
shows that the bone tunnel in the control group was filled with adipo-
cytes, and there were few osteocytes at 6, 12 and 24 weeks after surgery.
However, bone tissue was formed in the TCP group and the DCPD group
at 6 weeks after surgery, but the morphology of osteogenesis was slightly
different. The central hole of the TCP scaffold was filled with adipocytes,
and bone tissue was formed around the scaffold. Bone tissue had grown
into the central hole of the DCPD scaffold. At 24 weeks, most of the
scaffolds in the DCPD group had been degraded, and the bone tissue still
maintained osteogenic activity. A large number of osteoblasts and
osteoid cells were visible, and the morphology of the bone tract area was
close to that of the preoperative state. Fig. 7(B) shows calcein-labeled
osteogenic activity. DCPD group still had relatively active osteogenic
activity at 24 weeks. Fig. 7(C) shows the BV obtained by Bioquant
Osteo2020 analysis. It can be seen that the DCPD-coated magnesium
scaffold group has similar results with β-TCP in most indicators
（BV,BS,BV/TV, Tb. N and Tb. Sp）, and is significantly better than the
β-TCP group in bone bonding rate (Co.Pm/I.Pm).

4. Discussion

Several factors should be considered in the design of bone grafts.
First, a porous structure with a sufficient pore size to allow the exchange
of bone cells, nutrients and metabolites. It is generally accepted that a
pore size greater than 300 μm is suitable for the formation of blood
vessels and new bone [37–40]. Second, there should be a surface that
allows blood vessels to grow, bone cells to attach, migrate, and prolif-
erate. Third, sufficient mechanical properties are essential to withstand
loads from surrounding tissues. Fourth, controllable biodegradability
allows the tissue to be replaced gradually. Finally, good biocompatibility
is indispensable.

In this study, magnesium particles were used as raw materials to
directly prepare porous magnesium scaffolds by 3D gel printing method,
and DCPD coating was prepared on the surface of scaffolds. The me-
chanical properties, biocompatibility, degradation rate and osteogenic
ability of the scaffolds were studied by in vitro and in vivo experiments.
The compressive strength of β-TCP porous scaffolds was generally below
10 MPa [36,41–43], and that of the commercial β-TCP implants we used
in the positive control group was greater than or equal to 4 MPa. The
compressive strength and porosity of the DCPD-coated porous magne-
sium scaffold prepared in this study are 5.38 � 0.87 MPa and 57.6 �
3.9%. As shown in the density of magnesium scaffold is slightly lower
than that of cancellous bone, and its compressive strength and elastic
modulus are higher than that of cancellous bone, which can play a sup-
porting role. Moreover, the porosity of magnesium scaffold is similar to
that of cancellous bone, and its pore size is larger than that of cancellous
bone, which is conducive to the growth of neovascularization bone
tissue.

Degradation of Mg and its alloy in aqueous solution is caused by the
following electrochemical reaction [44]:

Anodic reaction : Mg→Mg2þ þ 2e (1)

Cathodic reaction : 2H2Oþ 2e → H2 þ 2OH� (2)

Overall reaction : Mgþ 2H2O → MgðOHÞ2 þ H2 (3)

Based on the above reactions, the main component of the corrosion
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layer on the magnesium surface is thought to be magnesium hydroxide,
which has a low solubility in water and protects the magnesium sub-
strate. Only when chloride ion concentration exceeds 30mmol/L in the
environment, magnesium hydroxide begins to transform from refractory
magnesium hydroxide to soluble magnesium chloride, leading to serious
corrosion of magnesium matrix [45]. DCPD coating reduces the degra-
dation rate of magnesium by reducing its contact with liquid. Studies
have shown that DCPD coating significantly reduces the speed of
Mg–Mn–Zn alloy in SBF [46]. However, compared with other
calcium-phosphorus coatings, THE protective effect of DCPD is relatively
weak. Some studies have shown that the protective effect of DCPD is
weaker than that of HA, FHA and Monetite coatings [47–49]. The
degradation process of DCPD in vivo may be divided into two stages. In
the initial stage, DCPD is mainly degraded by hydrolysis [50], which
makes the DCPD coating loose, and in the later stage, it is decomposed
and absorbed by the body under the action of osteoclasts [51]. On the
other hand, the relatively fast degradation rate of DCPD coating
compared with other coatings such as HA can also avoid the long-term
existence of implants in the body. In vitro experiments, compared with
uncoated scaffolds, DCPD coating significantly slowed down the degra-
dation rate of scaffolds, which is consistent with previous studies [52,
53]. However, the degradation rate of scaffolds was slightly different in
vivo and in vitro. In vivo, the scaffold achieved the same level of
weightlessness for six weeks longer than in vitro. This suggests that DCPD
coating is more effective in slowing the rate of degradation in the body.
We believe that the long-term presence of scaffolds in a liquid environ-
ment is a reasonable reason for in vitro experiments. The DCPD coating in
the body cuts off most of the magnesium's contact area with the blood,
reducing the corrosion rate. After the hematoma mechanization stage,
the scaffold was not completely immersed in liquid in the internal
environment as it was in vitro, thus reducing the degradation rate of the
scaffold. In the in vitro biocompatibility test, the well-grown cells were
observed on the scaffold under SEM, and no significant difference was
found in the live/dead staining compared with the control group. CCK-8
test further confirmed the above conclusion. Some studies have found
that magnesium scaffolds can cause better cell attachment, growth and
proliferation [54], but this phenomenon has not been observed in this
study. The reduction of Mg ion release caused by DCPD coating should be
considered as a reason.

In vivo experiments, the change of magnesium ion concentration in
vivo is the key point of our concern. The results showed that magnesium
ions increased significantly 1h after the operation, which may be related
to the slight damage to the coating during the implantation of the scaf-
fold. In general, the concentration of magnesium ions fluctuated within
the normal range during the experiment period. No abnormalities of liver
or kidney function was observed.

In order to facilitate the fabrication, the scaffold in this study adopts
the aperture and cuboid structure of 2 mm. Although the maximum
contact area with bone was not achieved, the results were still better than
β-TCP control group. In the β-TCP group, the central cavity of the TCP
scaffold did not achieve complete bone growth at all time points. How-
ever, in the magnesium scaffold group, bone tissue regeneration was
observed in the central hole at 6th week and the residual part of the
scaffold was completely wrapped by bone tissue at 24th week, showing
good osteoinduction, osteoconduction and histocompatibility.

5. Conclusion

In this study, we designed and manufactured a porous scaffold
composed of pure magnesium particles and coated with DCPD coating
using 3D gel printing technology. Porosity and pore size can be controlled
independently and accurately. The DCPD coated pure granular scaffold
has suitable initial mechanical properties, good biocompatibility, and
suitable degradation rate, which stimulates bone regeneration and me-
diates new bone formation and remodeling.
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